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THE DIELECTRIC FIELD IN AN ELECTRIC POWER 

CABLE 


BY R. W. ATKINSON 


Abstract of Paper 

The data given pertain particularly to the field of three-con¬ 
ductor three-phase cables when supplied with three-phase volt¬ 
age, and are primarily. the solution by physical measurements of 
some of the geometric problems of the three-conductor three- 
phase cable. 

Data are given so that it is possible, from electrical measure¬ 
ments, on three-conductor cable, to determine certain specific 
quantities as permittivity, resistivity, etc. of the dielectric of 
three-conductor cables in the same way as can readily be done for 
single-conductor cables, from geometric considerations. 

Also, there is shown the potential and stress distribution in a 
three-conductor cable. The most extensive data are based on 
measurements made with electrodes in an electrically conduct¬ 
ing liquid, thus simulating a homogeneous dielectric. Also ex¬ 
ploring electrodes were built into some actual three-conductor 
cable, and measurements were made when three-phase voltage 
was supplied to the conductors. 


I N the case of single-conductor cable, by means of simple 
mathematical calculation it is readily possible to cal¬ 
culate from the fundamental data, the unit quantities of the 
dielectric, such as permittivity, thermal or electrical resistivity, 
the corresponding properties of the cable itself. Also the volt¬ 
age gradient at the conductor surface or elsewhere in the in¬ 
sulation may easily be determined in terms of the applied 
voltage and the cable dimensions, or the unit quantities may 
be determined from measurements upon cables. 

Very few corresponding data for three-conductor cable are 
available. The reason for this is the difficulty of the mathe¬ 
matical work required for this solution and also the complicated 
form of those results which have been obtained. By means 
of electrical measurements in a tank of conducting liquid con¬ 
taining electrodes representing the conductors and sheath of 
a cable a solution is‘obtained of many of the problems of the 
three-conductor cable. Also there are reported the results 
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of a few measurements of voltage gradients and of potentials 

in an actual three-conductor cable. 

A great many data are available regarding the effect of strand¬ 
ing of single-conductor cable upon the gradient and the dielec¬ 
tric strength. We have added somewhat to the data now 
available on voltage gradient. For various reasons, the prac¬ 
tical effect on dielectric strength of the increase of gradient 
due to stranding is not in proportion to that increase. Two 
reasons probably predominate: the change in gradient affects 
only a very small thickness of dielectric; it probably usually 
occurs that a better mechanical construction results when 
paper wrappings are applied to a stranded than to a solid con¬ 
ductor. Further data regarding this matter are of very con¬ 
siderable importance. 

It is intended to leave most of the application of these data 
for presentation at a later time, though some of the directions 
in which it is useful will be pointed out briefly. It is important 
to distinguish from the beginning between two distinct uses 
for the data given. First, there is the correlation of the capac¬ 
itance of the cable with the permittivity of the dielectric, 
the resistance of the cable with the resistivity of the dielectric, 
etc. Second, there is the determination of voltage gradient. 
Concerning the first there is a very definite and immediate 
application. The field of application of the second is much 
less definite though actually far more extended. The distribu¬ 
tion of the voltage gradient in various parts of a cable is one 
of the several fundamental considerations governing the voltage 
rating of the cable. 

Measurements of stresses and capacities, both three-phase 
and single-phase, were begun in the laboratory of the Pitts¬ 
burgh factory of the company with which the writer is asso¬ 
ciated, in 1913, under the direction of C. W. Davis. At this 
time were begun the experiments with a tank of liquid, or 
solid electrolyte similar to that hereinafter described, and the 
results obtained were substantially in accordance with the 
results herein published. Later experiments were made at 
Perth Amboy in 1917 and again in the spring of 1919 by the 
writer. In the successive series of tests some of the earlier 
measurements were repeated and the field of study was ex¬ 
tended, and apparatus was devised which would permit of a 
still more accurate measurement of the stresses than those 
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obtained in 1913. This paper deals largely with the actual 
measurements made in the last two series of tests, though a 
brief summary of part of the earliest series is added. 

Determination of Capacity Relations 

The determination of capacity relations will first be de¬ 
scribed. The experimental work consisted in the measurement 
of resistance between electrodes placed in a tank of electrolyte 
with the electrodes so arranged that they occupied the same 
relative position to each other as do the separate metallic 
parts of a three-conductor cable. 

The terms conductors and sheath will be applied to the elec¬ 
trodes representing them, and the terms conductor and belt in¬ 
sulation to that part of the electrolyte occupying the position 
that the conductor and belt insulation would occupy in a 
cable. Also the terms “filler” or “filler space” will be applied 
to the part of the section corresponding to that part of the 
cable section usually occupied by jute or paper “filler.” The 
term cable will be applied to the complete set of electrodes 
and electrolyte in any one arrangement. 

The capacity relations were determined in the following 
manner. The conductors and sheath were arranged in their 
relative positions in a wooden tub containing fairly high re¬ 
sistance water. Measurements were made of the resistance 
between electrodes when they were connected in various ways. 
The following were the connections used. 

1. One conductor vs. another conductor. (Sheath and third 
conductor free). 

2. One conductor vs. two conductors. (Sheath free). 

3. One conductor vs. sheath. (Other conductors free). 

4. One conductor vs. one conductor and sheath. (Third 
conductor free). 

5. One conductor vs. the other two conductors and sheath. 

6. Two conductors^, sheath. (Third conductor free). 

7. Two conductors vs. sheath and third conductor. 

8. All conductors vs. sheath. 

One of the same conductors was then placed in the center 
of the same sheath, thus forming the equivalent of a single¬ 
conductor cable, and a reading taken of resistance between con¬ 
ductor and sheath. The ratio of the resistances for the three- 
conductor connections to the resistance of the single-conductor 



974 ATKINSON: THE DIELECTRIC FIELD 27 

to sheath gave the ratio of capacities for the three-eoiid^^t: or 
connections as compared to the capacity of a single-con d t; or 
cable having the same size conductor and sheath. The 
conductor capacity can easily be calculated. The matte* ^^y 
be explained in another manner. The measurement ^th 
concentric tubes furnishes data for ready calculation ° 
resistivity of the electrolyte. The three-conductor mea de¬ 
ments thus are made with “dielectric” of known resistivity 
conductors of known dimensions. 

The above measurements were made with various propor¬ 
tions of belt to conductor insulation and with various ratx°^ of 
conductor to sheath diameter. 

The resistance measurements were made using single-p-^^e 
60-cycle current, by measuring the applied voltage and 



Fig. 1—Wiring Diagram for Determining Capacity Relations 


energy consumed in the resistance of the electrolyte. For 
the latter measurement there was used the wattmeter connec¬ 
tion of a Rowland dynamometer, the connection being sxxch 
that the resistance of the fixed coils was included in the measure¬ 
ments. Approximately two volts from an auto-transformer 
was applied to the tubes, and watt readings were taken for the 
various connections, from which the effective resistance be¬ 
tween the electrodes could be calculated. The dynamometer 
was calibrated by substituting a variable known resistance for 
the electrolyte. 

The bottom of the tub was covered with a layer of paraffine 
which prevented end effect due to possible conduction in hh e 
water-soaked wooden bottom, and also served as a flat lev'll 
bottom on which to rest the tubes. 
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To check the general accuracy of the method and the ap¬ 
plicability of the results, a large number of measurements 
were made with concentric tubes. Resistance measurements 
were made between many combinations of pairs of different 
sizes. Also after a measurement was made between such a 
pair of rings, a third one was placed between the two and con- 


TABLE I. 


Sheath Diam. 

Cond. Diam. 

Ratio thickness belt 
insulation 
to thickness con- 
■ ductor insulation 

15.4 in. 

3.62 in. 

0 . 

it 

it 

0.25 

a 

it 

1.0 

1<3.4 

2.50 

0 . 

u 

it 

0.25 

it 

it 

1.0 

15.4 

1.90 

0 . 

a 

U 

0.25 

( t 

it 

1.0 

11.8 

2.5 

0 . 

it 

u 

0.25 

a 

a 

1.0 

11.8 

1.9 

0 . 

it 

a 

0.25 

(t 

u 

1.0 

9.9 

2. 5 

0 . 

it 

it 

0.25 

it . 

U 

1.0 

9.9 

1.9 

0 . 

it 

it 

0.25 

a 

it 

■ 

1.0 

■ 


centric with them and measurements repeated. By this means 
it was shown that the resistances obeyed the theoretical law. 

These measurements showed that end effect actually had 
been eliminated by the initial arrangement. 

Another disturbing factor was detected and eliminated 
through the agency of these tests. The tubes or rings seemed 
to have a high surface resistance possibly due to polarization. 
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Water of fairly low resistivity was being used (a very weak 
saline solution). The resistance was increased largely by the 
use of distilled water mixed with a very small amount of tap 
water. This however only partly removed the difficulty, 
as the surface resistance, though relatively smaller, was larger 
absolutely, and large enough to cause the results to be slightly 
in error. It was found that if the tubes were thoroughly 
polished with fine sandpaper or emery cloth at sufficiently 
short intervals this resistance could be entirely eliminated. 
In measurements of stress, described later, even a much 
lower surface resistance would have been of importance, 
but careful tests showed it was possible to entirely free 
the results from this type of error. Attempts were made 
to use some rings made of galvanized iron, but this ma¬ 
terial did not give satisfactory results and was aban¬ 
doned. 

Measurements were made with the sizes and arrangements of 
electrodes shown in Table I. 

All tubes were of copper and in. high. The readings for 
different connections for any one cable checked the relations 
given by Russell within 2 per cent. 

These relations are as follows; 

TABLE II. 

(1) Capacity between 1 and 2 =1/2 (a — b) 


(2) 

it 

a 

1 and 2, 3 =2/3 {a — b) 

(3) 

a 

it 

i a o /o . o . (a — b) (a + 2b) 

1 and 5 (2 and 3 insulated) --- 




a ■+• b 

(4) 

u 

it 

(a — b) (a + b) 

1 and S, 2 (S insulated) =-—- 

(5) 

u 

t( 

CL 

1 and S, 2, 3 = a 

(6) 

a 

a 

S and 1, 2 (3 insulated) = 2 (a — b) {a + 2b) 

(7) 

a 

a 

a 

1, *S, and 2, 3 = 2 (tj b) 

1,2, 3, and 5 =3 (a'+ 2b) 

(8) 

a 

u 


With each cable, actual measurements were made of all the 
8 combinations, though the tests on No. 1 and No. 5 were made 
with the greatest care. From these, the values of a and b 
were calculated, and following this, the values of the other six 

combinations. Check with measurements was made as in¬ 
dicated above. 
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Application of Data of Capacitance and Charging 

Current 

The data of these measurements are shown only in the final 
form, Fig. 2. Specifically, Fig. 2 gives the charging current 


CHARGING CURRENT 3 CONO. TO SHEATH 
MILIAMPS PER 1000 FEET PER KV.TO NEUTRAL AT 60- 




MILIAMPS PER 1000 FEET PER KV.TO NEUTRAL AT 60^ 



Fig. 2—Charging Currents for Round Three-Conductor Cables 
Based on Specific Inductive Capacity of 3.27 and a Frequency of 
60 Cycles 

Note:—The abscissa shown applies to all 5 sets of curves. 

of different sizes of cable within the range of present practise. 
The values are based on a frequency of 60 cycles and a specific 
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inductive capacity of 3.27, the latter being a somewhat arbitrary 
figure but actually about the normal value for impregnated 
paper.* By the use of constants given below, the chart may 
be used for the determination from unit quantities of the various 
other properties of a three-conductor cable. 

To find microfarads per mile multiply the values taken 
from the curves by 0.014. 

To find insulation resistance of any cable in megohm-miles 
divide the number of megohms resistivity (cm. unit) of the 
dielectric by the value obtained from the curve Fig. 2 and mul¬ 
tiply by 2.06 X 10- 5 . 

To find the temperature rise across the insulation due to one 
watt per foot of copper PR in a 3-conductor cable, divide 0.1097 
by the charging current given for three conductors to ground, 
and. multiply by the thermal resistivity in watt-cm. units. 
(This is of the orderof 500 to 1000 for most insulating materials.) 

The number of milamperes per kv. to neutral per 1000 ft. 
is also equal to the number of volt amperes per 1000 ft. with 
one kilovolt of three-phase voltage between conductors. This 
forms a very convenient basis for comparison of dielectric loss 
data on cables of different size conductors and different thick¬ 
ness of insulation and with three-phase voltage supply. When 
the power factor and specific inductive capacity of any in¬ 
sulating material are found by tests on one or more cables, the 
three-phase losses in kw. per 1000 ft. on any other cable 
with that insulating material may be determined by multiplying 
the volt-amperes per 1000 ft. as obtained from the chart, by 
the power factor, by the ratio of the specific inductive capacity 

to 3.27, and by the square of the number of kilovolts between 
conductors. 

It will be observed that though all the capacity measurements 
indicated are with single-phase current supply, data are given 
for three-phase charging current. There is a very simple 
theoretical relation between the three-phase connection and 
single-phase connection No. 1, but we have not relied solely 
upon that. The measurements may be considered as supplying 
information as to charging current of the single-phase connec¬ 
tions only. By measurements on many cables it is known that 
the charging current per conductor with three-phase voltage 
is the same as that for single-phase vol tage, connection No. 1, 

*See Appendix A for instructions as to how to use Fig. 2. —— 
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when the voltage from conductor to sheath is the same in each 
case. (In case of connection No. 1 the third conductor is at 
sheath potential, whether actually connected to sheath, or 
free). This is the theoretical relation said above to exist. 

Sometimes it is important to. know the charging current 
which may flow in the case of a system operating with un¬ 
grounded neutral, when one of the lines becomes grounded. 
The value of the current is of importance for various reasons 
external to the cable itself. Also, on account of large increase 
in the kilovolt-amperes of the charging current, there will be 
at least a proportionate increase of dielectric losses. These 
particular data are calculated from the other data given by 
the use of the same method Russell gives for calculating the 
relationship of the various single-phase capacities. The data 
follow: 

Let C 5 and C% represent respectively the single-phase charg¬ 
ing currents per kv. for one conductor against the other two 
and sheath, and for three conductors against sheath. For 
normal three-phase operation then, the charging current per 
kv. to ground on each conductor is equal to 1.5 C 5 — 0.167 C s . 
With a grounded conductor the chargin g current on each of 
the free conductors perkv. is equal to V0.752 C 5 2 -1- 0.027(7 8 2 , 
which, for practical purposes is identical with 0.91 C 5 . The 
charging currents per kv. on the grounded conductor and on 
the sheath, are, respectively, equal to 0.0866 C 5 — 0.288 C a 
and 0.577 C s ■ With a given operating voltage E between con¬ 
ductors, the charging current values are therefore as follows: 

For each conductor on normal three- 

phase operation.£ I (0.866C 5 — 0.09600 

For each free conductor when one of the 

conductors is grounded. 0.91EC S 

For the grounded conductor . . ... 27(0.866(75 — 0.2880) 
For the sheath when one of the con¬ 
ductors is grounded.0.577270 

The total volt-amperes due to the charging current will be, 
on normal operation V3 El, which is equal to 

27 2 (1.5C, - 0.167(78) 
and when one conductor is grounded 

£*(1.50 + 0.167(7,) 
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Let us take as an example a three-conductor cable with 4/0 
conductors, having 6/32 in. insulation on each conductor and 
6/32 in. on the belt, and at, say, an operating voltage of 11 kv. 

Cs = 0.0202 amperes per kv. per 1000 ft. 

C s = 0.0365 amperes per kv. per 1000 ft. 

The charging current with ordinary operation is, therefore, 
0.154 amperes. 

With one of the phases grounded, the charging current for 
each free conductor is 0.203 amperes, for the grounded conduc¬ 
tor 0.077 amperes, and for the sheath 0.231 amperes. 

The total volt-amperes for the case where the neutral is 
grounded will be 2930, and for the case where one of the con¬ 
ductors is grounded 4400. On the basis of the same power 
factor, the dielectric loss, as well as the volt-amperes of the 
charging current, in the second case will be 50 per cent higher 
than in the first. 

Explanation of Nature of Field With Three-Phase 

Voltage Supply 

Fig. 4 is presented largely to illustrate the general nature 
of the field in a three-conductor cable upon which three- 
phase voltage is impressed. There are two sets of curves 
shown—one showing lines of equal phase, and the other 
showing lines of equal maximum potential. Each set, to 
be complete, should comprise the entire 360 deg. of section, 
but, because of symmetry, the 120 deg. included by each set 
gives information which is exactly as complete. The method 
used for the determination of these data is not dissimilar 
to the one previously described in connection with the meas¬ 
urement of single-phase capacity relations. 

The isophase line shows the phase relations of the poten¬ 
tials existing in the cable section. Taking the phase of the 
potential of the left hand conductor as the basis of reference, 
and calling it 0 deg., the phase of the potential of the right 
hand conductor will be 120 electrical degrees away. The 
phases of the potentials at all points included by the 120 
geometric degrees between the radii through the centers of 
these two conductors are as indicated by the isophase lines. 
Another way of considering this set of curves is as follows: 
At some instant the 0 deg. line will be at zero potential. 
After the lapse of an interval of time represented by one 
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The lines of equal maximum potential are the loci of points 
having the same maximum potential above ground at some 
time during the cycle. These curves should not be con¬ 
fused with equipotential lines, which represent instantan¬ 
eous values of potential, and would be, for a three-phase 
field, different at each instant of time. Wide spacing be¬ 
tween the lines of maximum potential does not indicate low 
stress. Particularly is this true near the position midway 
between two conductors. Here the lines of maximum po¬ 
tential are rather widely spaced, but points a very short dis¬ 
tance apart reach their maxima at such different instants 
that the voltage gradient is actually very high. The curves 
for potentials very close to the maximum potential of the 
conductor are circular in form, and concentric with the con¬ 
ductor. For lower potentials the lines are no longer circular 
but still completely surround the conductor. Finally, a 
value of potential is reached, below which there are two lines 
for each value of potential,—one coming within the space 
between conductor and sheath, and the other coming en¬ 
tirely within the space between conductors, and symmetrical 
about the center of the cable. As zero potential is ap¬ 
proached these lines becomes circles concentric with the 
cable. 

Either set of curves taken by itself is useful as general in¬ 
formation, but nothing really definite can be deduced from 
it. The two sets taken together, however, completely spec¬ 
ify the three-phase field of the cable. By the use of the two 
sets, the potential above ground and its phase relation may 
be found for any point in the cross section of the cable at 
any instant of time. Stress data may be obtained by de¬ 
termining the voltages and their directions at two points 
which are close together. Stress data thus obtained, how¬ 
ever, would not be of a sufficient degree of accuracy to be of 
great value. 

For accurate stress determination it is necessary to meas¬ 
ure the actual difference of potential between two points, a 
known small distance apart, rather than to correlate the 
voltages between the two given points and a given basis of 
reference. The method used for making these measure¬ 
ments is described in the next section. The data given in 
Fig. 4 might readily be calculated from the stress data 
recorded later, which were gotten by this method. 
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Stresses as Measured with Electrolyte Tank 
The stresses in the three-phase field were measured in the 
following manner: An exploring device was g 
made up as shown in Fig. 5. Two steel rods 
about 1/16 in. in diameter and 8/4 i* 1 - l° n § y 
were fitted into small hard rubber blocks so as 


to form a frame. Half way between the 
steel rods, and with their plane perpen¬ 
dicular to the plane of the rods, two 
No. 26 bronze wires were held taut. 

These bronze wires, which were approxi¬ 
mately 0.25 in. apart, served as the 
potential electrodes. The potential be¬ 
tween the wires divided by the distance 
apart is quite accurately equal to the 
stress at the point half way between 
them. 

The whole exploring device was freely 
suspended from the tracing point of a 
pantograph, Fig. 6, the drawing point of 
which indicated upon a representative 
drawing the position of the electrodes in 
the tank. 

Fastened to the exploring device above 
the point where it was suspended was 
fixed a small pointer which indicated upon 
a circular scale the plane of the electrodes. 

The rigging of the pantograph, Fig. 6, was 
so arranged that any line on the circular 
scale always maintained a fixed angle 
with any line upon the representative 
drawing. 

In order to measure voltage between 
these points when they are in the field 
between the three conductors, upon which Pia 5— Exploring 
is impressed three-phase voltage, it is BVICE 

necessary to measure the magnitude and phase displacement 
with respect to a fixed voltage, and to do so without dis- 
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tortion of the electrical field by the measuring current. The 
second requirement demands that a null method be used, or 
that the instrument for measuring the voltage be of sufficient 
sensitivity so that the current which it takes will distort the 
field by a negligible or a very small and known amount. It 
will be seen below that the latter arrangement has been used 
with very satisfactory results. To secure the correct measure¬ 
ment of the voltage regardless of its phase and to measure 
the displacement, it was first proposed to make use of a phase- 
shifting transformer, but the method to be described proved 
actually simpler in operation and fully as accurate in results. 

The potential across the electrodes was measured by means of 
a Rowland electro-dynamometer, the field of which was sep¬ 



arately excited with fifty amperes, as shown in Fig. 7. The 
connections were so arranged that it was possible to obtain 
currents in the field circuit that were equal and ninety degrees 
out of phase with each other by merely throwing a switch (No. 
1). These currents were obtained by taking taps from a 
star-connected three-phase transformer, one side of the switch 
being connected across one leg of the transformer winding, 
and the other across approximately 58 per cent of the wind¬ 
ings of the other two legs. The neutral of the transformer was 
pounded. The potential circuit contained 40,000 ohms non- 
inductive series resistance. 

The reactances of the fixed coil and of the auto-transformer 
were compensated by a capacity of 16 microfarads shunted 
across a variable resistance. The compensation was accomp- 
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Fished in the following manner: A voltage in phase with the 
voltage across one side of the main field switch was impressed 
on the moving coil circuit. When switch No. 1 was thrown 
on that side, the held current was approximately in phase with 
the current in the potential circuit, and a large deflection re¬ 
sulted. With switch No. 1 thrown in the opposite direction, 
the fleld current was nearly 90 degrees out of phase, and a 
very small deflection resulted. The resistance which shunted 
the condensers was then varied until this deflection was zero. 

T( > insure i hat i he v. d t ages t m the two sides of the switch were 
at the proper 90-degree relation with each other, the circuits 


Kiu 



were 

i? t 


mi 


lift m#i*r 


so that voltage from the other side 
. 1 switch was required to produce zero deflection. It 
was found that the phase relation was correct within J4 per 


mi 


! *l 


follows: 



stress measurements was then as 


m plate was made of thin Ilakelite fibre, so 
tnd sheath always maintained the same 

t* of plat e glass was placed in the bottom 
leveled by means of a spiri 
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level. The electrodes were then placed in the tub and held 
in their positions by the template. The tub was then filled 
with water to within a half inch of the top of the electrodes. 

Three-phase voltage of approximately 50 volts to neutral was 
then applied to the three conductors and the exploring 
device suspended in the water. The measurements were made 
in the field surrounding conductor A, whose voltage was in 
phase with the field current when the field switch (No. 1) 
was closed to the left. 

A full size drawing was then made which exactly corresponded 



Pig. 8 Cross-Section of Cable Showing Relative Positions of 
Conductor and Sheath and Points at Which Stresses Were Mea¬ 
sured » 


to the template, and various circles and lines were drawn upon 
it as shown on Fig. 8, the intersections of this line indicating 
the points at which it was desired to measure the stress. 

The drawing was then lined up as follows: 

The exploring device was hung somewhere near the center 
of the cable. The two electrode-wires were short-circuited 
and the voltage between these and the sheath was measured 
by means of the dynamometer. At exactly the center of the 
cable the voltage to sheath is zero. The electrodes were moved 
about until the dynamometer indicated zero with the field 
switch on either side. The center of the representative drawing 
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was then placed exactly under the drawing stylus and fixed to 

the board with a thumb tack. 

The exploring device was then placed between the two con¬ 
ductors B and C. At a point exactly half way between these 
conductors the potential to sheath is in phase with the voltage 
of conductor A to ground. The switch was then thrown on 
the side that is out of phase, and the exploring device moved 
until the deflection was zero. The drawing was then swung 
about with its center as an axis until the line half way between 
conductors B and C was under the stylus. The drawing should • 
then be exactly lined up with the tank. Checks were made by 
placing the exploring device near one of the conductors and 
visually comparing its position relative to the conductor with 
the position of the stylus to the conductor on the drawing. 

The circular scale for measuring the direction of the plane 
of the electrodes was then adjusted by measuring stress along 
the 180-degree line. The stresses' along this line are in phase 
with the voltage of conductor A. Normal to this line there is 
a large phase change. With the field current out of phase with 
the potential of conductor A the dynamometer will read zero 
only when the plane of the exploring electrodes coincides with 
the 180-degree line. With the stylus on the 180-degree line 
near conductor A the exploring device was turned about its 
avis until the deflection became zero. The zero on the circular 
scale was then adjusted to coincide with the pointer. Check 
was made to insure that the actual position was as above 

stated. 

Readings were then taken by placing the stylus at the in¬ 
tersections of the radial lines and the circles shown in Fig. 8. 
Readings were also taken at the other points indicated. All 
readings were taken with the plane of the exploring electrodes 
radial to the conductor, except along the 180-degree line, where 
the stresses were also measured normal to the line. 

Stresses close to the conductor were found by measuring be¬ 
tween the conductor and a No. 40 wire fastened by hard rubber 
cleats 0.125 in. from the conductor. This conductor could be 
revolved in the template and the stresses on all sides of the 
conductor could be accurately compared. 

To take a reading, the stylus was placed on a point on the 
drawing at which it was desired to measure the stress. The 
exploring device was rotated until its electrodes were radial to 
the conductor. Readings were taken of voltage and dynamo- 
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meter deflection with the main field switch first on one side and 
then on the other. This gives both components of the stress 
as compared to the voltage to neutral of conductor A. From 
these readings the stress and phase angle could easily be cal¬ 
culated. 

Voltage was read across the points indicated on Fig. 7. This 
voltage was frequently compared with the voltage directly on 
the conductors. The three-phase field would have been slightly 
distorted had it been attempted to keep the voltmeter connected 
to the conductor while making stress measurements, due to the 
slight additional drop across the series lamp bulbs. 

Calibration of the instrument was made by means of a po¬ 
tentiometer connected as shown in Fig. 7. A deflection of the 
dynamometer of 8.08 divisions per volt was obtained with 
40,000 ohms series resistance and 50 amperes field current. 
All results were placed on a common basis of field current and 
conductor voltage. 

The deflections along the 180-degree line were plotted, and 
the average of this curve between the conductor and center of 
cable was found. The average voltage between the conductor 
and center of cable was the voltage on the conductor divided 
by the distance. The average deflection divided by the cali¬ 
bration constant and by the distance between the exploring 
electrodes must exactly check the average voltage. From this 
relation it is possible to find the exact distance between elec¬ 
trodes. 

We have mentioned the possibility of field distortion due 
to the current taken by the apparatus used for measuring the 
potential difference of exploring electrodes. The effect of 
this upon the measurements described above was investigated 
in the following manner. With the exploring electrodes main¬ 
tained in a given electric field in the tank, the resistance in the 
metering circuit was varied through a wide range. The recip¬ 
rocals of the deflections were plotted as ordinates against the 
external series resistance as abscissas. The resultant “curve” 
was a straight line cutting the axis at a negative value. This 
value is equal to the effective resistance between the electrodes 
If this resistance be added to the external resistance in deter¬ 
mining the calibration constant, we fully correct for what¬ 
ever small distortion there may occur, for it follows from the 
above that the same voltage is obtained regardless of the 
series resistance, and therefore the value is the same as for 
infinite resistance, or zero current and distortion. 
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The calibration of the electrode fastened to the tube was 
found by measuring the stress in a single-conductor concentric 
field. The stress can here be quite accurately calculated and 
the distance between .the .No. 40 wire and the tube was found 
from the relation that the stress at a point half way between 
the wire and the conductor must equal the deflection divided 
by the calibration constant of the instrument divided by the 
distance between the wire and conductor. The internal resis¬ 
tance between this electrode and the conductor was found in 
the same way as for the .other. The calibration constant to 
be used for any given condition is that given above, which 
applies to 40,000 ohms total resistance, divided by the ratio 
of the actual total resistance of the potential circuit (including 
internal resistance between electrodes) to 40,000. This ratio 
does not exceed 1.02 or 1.03. 

All deflections were put on a common basis by dividing by 
the average deflection between the conductor and center of 
cable along the 180-degree line, thus giving the stresses in 
terms of the average along the 180-degree line from conduc¬ 
tor to center of cable. 

The two components of the stresses were added at right 
angles, and the angles by which the stresses lead the voltage 
of conductor A to ground were calculated. 

The values were plotted in Figs. 9 to 18 inclusive, which will 
be described in detail below. 

The field between the conductor and the sheath was next 
investigated. The electrodes were placed on the shortest 
line between conductor and sheath, and the deflection read. 
The other two tubes were then removed without disturbing 
the position of the remaining electrode or its voltage to ground. 
The deflection was not changed by the removal of the other 
conductors. Other spacings and sizes of tubes were used, but 
never did the removal of the two tubes change the amount 
of the deflection. From this, we can draw the conclusion that 
the field on the shortest line between the conductor and sheath 
is a single-phase field and is independent of the presence of 
the other two conductors. 

Determination was then made of the effect of the am ount 
of belt upon the stresses on the inside of the cable. Read¬ 
ings were taken with the tubes so arranged as to simulate 
a cable with equal belt and conductor insulation. Then with¬ 
out changing the position of the conductors, the sheath was 

i 
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replaced by a smaller one. This new ring was even smaller 
than one that would correspond to the sheath of an unbelted 
cable. Most of the readings were then repeated. The change 
in sheaths produced practically no change in stress within the 

portion of the field bounded by the three lines joining centers 
of conductors. 

Description op Figs. 9 to 16 

Fig. 9 shows the stresses along the line joining the center of 
conductor A and the center of cable in terms of the average 
stress between the conductor and the center. ' This average 
represents the total voltage of conductor A divided by the 
distance between the conductor and center of cable. 

In all the following curves, as well as most of the subsequent 



Fig. 9 Stresses- along 180-Degree Line of Fig. 8 in Terms of 

VERAGE BETWEEN CONDUCTOR AND CENTER OF CABLE (SMALL TUBES) 
Curve A—Stresses in direction of ISO-degree line 
Curve B —Stresses normal to ISO-degree line 


discussion, stresses are given in terms of this same unit. For 
a round conductor, this distance between conductor and center 
is equal to 1.154 times the conductor insulation (half the 
distance between surfaces of conductors) plus 0.077 times the 
conductor diameter. 

Curve B shows the stress normal to the line of centers of 
conductor A and cable. Here the maximum stress occurs 
neai the line joining the centers of conductors B and C. 

Fig. 10 shows the stresses around circle a, which is 1/16 in. 
away from the conductor. All stresses were measured radial 
to the conductor. It will be noticed that the maximum stress 
occurs on the-line which passes through the center of the cable, 
though there is very little difference along the arc inclosed by 
the center lines of conductors. 
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Another maximum occurs at the outside of the conductor 
on the shortest line between the conductor and sheath. This 
maximum is dependent upon the total thickness of insulation, 
including conductor and belt. 
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Fig. 10 —Stresses on Circle (a) of Fig. 8 

Cuirve A—Stresses in terms average stress between conductor and center of cable along 
130-degree line (Fig. 8) 

Curve B—Angle by which stress leads voltage of conductor A to neutral 


Figs. 11, 12, 13 and 14 show the stresses on the various 
other circles shown. It will be noted that as the distance 
between the conductor and circle increases that the point of 



Fig. 11—Stresses on Circle (b) op Fig. 8 

Curve A Stresses in terms average stress between conductor and center of cable along 
180-degree line (Fig. 8) 

Curve B—Angle by which stress leads voltage of conductor A to neutral 


maximum stress moves toward the line joining centers of con¬ 
ductors. Also the point of maximum phase difference moves 
farther past the line joining centers of conductors. 
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i *k° ws the stresses on the outside of the conductor 

along the shortest line from the conductor to sheath. This is a 
single-phase field and the maximum stress can be calculated by 



Curve B Angle by which stress leads voltage of conductor A to neutral 


a formula given by Russell, as shown below. The value ob- 
value fr ° m the CUFVe CheCks Within 2 per cent the calculated 

Fig. 16 is given in this paper because of its value in sup- 



P ymg ata outside the range of the experimental values. 
The lowest curve gives the maximum stress toward the sheath 
of a three-conductor cable in terms of the average stress 
between conductor and sheath. The middle curve give 
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for a single-conductor cable the maximum stress in terms of 
the average. The upper curve simply gives the ratio be¬ 
tween the maximum stress of a single-conductor cable and 
that towards the sheath of a three-conductor cable having 



Fig. 14—Stress along Circle (e) of Fig. 8 

Curve A—Stresses in terms average stress between conductor and center of cable along 
180-degree line (Fig. 8) 

Curve B—Angle by which stress leads voltage of conductor A to neutral 

the same size conductor and the same distance between 
conductor and sheath. The ordinates for this last curve 
are obtained by dividing the ordinates of the middle curve 
by those of the lower curve. For the solution of all prob- 



Fig. 15 —Stresses along 0 Degree (Fig. 8) in Terms Average be¬ 
tween Conductor and Center of Cable along 180-Degree Line 
(small tube) 

lems to which Fig. 16 is applicable, any two of the three 
curves shown give the complete data. 

The middle curve is a graphical solution of the common 
formula showing the relation between maximum and average 
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stress of a single conductor cable. This is 

maximum stress _ R — r 
average stress r = log R/r 

r being the radius of the conductor, R .the. radius of the cable 
(= log) being natural logarithm, = 2.303 times the common 
logarithm). 

The lowest curve is a solution of the rather lengthy for¬ 
mula given by Russell for the maximum stress between ec¬ 
centric cylinders. Since we have found that this maximum 
is unaffected by the presence of the other two conductors 
of a three-conductor cable, we may expect our values to 
check a solution of this formula, and, as stated, have found 
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Fig. 16—Curves Showing Relation between Stress oe Three- 
Conductor Cable and Stress of Single-Conductor Cable and be¬ 
tween Maximum and Average Stress of Each 


they do so. There are several variables in this formula, 
and an exact solution for all conditions would repuire a series 
of curves. However, the use of the coordinates taken has 
enabled us to plot a single curve which is correct within about 
one per cent for any point. 

Fig. 17, Curve A, gives the stresses between the conductors 
on the line joining their centers. Curve B gives the angle by 
which the stress leads the voltage of conductor A to neutral 

The vector diagram, Fig. 18, was drawn primarily as a 
cheek on the method used for obtaining stresses. Inciden- 
tally, from it may be determined voltages between a conductor 
or the center of the cable, and any point on the line joining 
the centers of the two conductors. ^ 
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The horizontal line A X is drawn to represent the direc¬ 
tion of the voltage of conductor A to neutral. The arc 
A Z B B was obtained by the addition of potential differ¬ 
ences obtained by the integration of stresses (shown in Fig. 17) 
along the line joining the centers of the conductors A and 
B. 

The potential at a point along the center line AB, a short dis¬ 
tance from conductor A, was determined, being proportional 
to the area included below curve A of Fig. 17. The vec¬ 
tor representing this potential was plotted as the first step 
of the arc A Z BB 7 Fig. 18, the angle with the horizontal being 
determined by curve B of Fig. 17. Next, the voltage between 
this first point and a second was obtained in the same manner 
and a new portion of arc drawn in. (It will be noted that 



Fig. 17—Stresses along Line Joining Centers op Conductors in 
Terms op Average between Conductor and Center op Cable along 
180-Degree Line (15.2 in. ring—2.5 in. tube) 

Curve A—Stresses 

Curve B—Angle by which stress leads the voltage of conductor A to neutral 


the individual sections of arc are actually drawn as chords). 
This process was continued for the entire line between con¬ 
ductors A and B . 

The vector represented by any of the lines drawn from A 
and terminating on the arc A Z BB is the difference of voltage 
between conductor A and some definite point on the center 
line of A and B, but, since both the abscissa and ordinate of 
the point on the arc are used to represent potential, it is not 
possible to show on that curve alone the location of the point 
on the center, line of A and B. Therefore, the line A B is 
drawn so that if a vertical line is drawn from any point on the 
arc to the line A B , the intercept between A X and A B repre¬ 
sents the distance from the conductor A to the point the po¬ 
tential of which is represented by the chord drawn from A to 
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the said point on the arc. Thus, the distance B X represents 
the distance of the conductor B from the conductor A, the 
potential of B being represented b y ABB. 

Also the line W Y is equal to half the line B X, and thus the 
chord A Z represents the voltage from conductor A to a point 
on the center line of A and B, and halfway between them. 

The line A 0 represents the voltage between conductor A 
and center of cable, or ground. Also, the voltage to ground 
of any other point is represented by a line to the point 0, thus 
B BO represents the voltage to ground of the conductor B, 
as determined by the measurements of stress given in Fig. 17. 



Fig. 18 Vector Diagram Obtained by Summation op Stresses along 
Line Joining Centers op Conductors 


The value obtained from the mathematical integration of the 

stress along the line joining the centers of conductors A and B 

was found to be 1.72 times the voltage of conductor A to ground 

and at an angle of almost exactly 30 degrees from this voltage 

a very satisfactory agreement with the actual values of 1.73 
and exactly 30 degrees. 


intimation S °th \ ±er ° m thlS diagram or 

nflw w f i h l Stre f eS along the Iine - joining the center 
of the cable and the mid-point of the line joining the centers 

of conductors B and C. The values obtained by these two 

methods are 0.325 and 0.355, respectively, L terSs of 
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voltage of conductor A to neutral, and at an angle of 60 
degrees from that voltage. 

The voltage from conductor A to the point midway between 
conductors A and B on the line joining their centers is the 
chord A Z, and is equal to 0.87 times the voltage of conductor 
A to neutral, and is at an angle of 18.6 degrees from this voltage. 

Data given thus far have applied to measurements on a single 
“cable.” Similar measurements were taken of stresses with 
a different size of conductor. A sheath 15.2 in. in diameter 



Fig. 19 —Stresses along 180- 
Degree Line in Terms Average 
between Conductor and Cen¬ 
ter of Cable (large tubes) 

Curve A—Stress along 180-degree line 
Curve B—Stress normal to 180-degree line 


Fig. 20—Stresses along 0- 
Degree Line in Terms Aver¬ 
age between Conductor and 
Center of Cable along 180- 
Degree Line for 15.2 in Ring 
and 3.82 in. Tubes 


was used and 5.82 inch conductors were so placed that the con¬ 
ductor and belt insulation were equal. 

Not as many readings were taken for this “cable,” Enough 
were taken however to show that the maximum stress occurred 
at the conductor on the line towards the center of cable and to 
determine stresses at the points of maximum importance. 
Stresses were taken all along the lines joining the center of 
conductor A and center of cable. 

In Fig. 19, curves A and B, respectively, are shown the 
stresses along (parallel to), and normal to, the line joining 
center of conductor and center of cable. 

Fig. 20 shows the stresses on the shortest line between the 
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conductor and sheath. The maximum of this curve checks 
within 2.5 per cent the value calculated from Russell’s formula 
as shown in Fig. 16. 

Use of Solid Electrolyte 

In the Pittsburgh experiments of 1913 and 1914 use was made 
of solid as well as liquid electrolytes. Cable cross sections were 
prepared of solid electrolytes with cast-in exploring electrodes 
in which the specific.resistivity of the electrolyte occupying 
the filler space differed from that of the electrolyte representing 
the conductor and belt insulation. The extreme limit of 
range of resistivity for the fillers was obtained first, by using 
solid insulators, and second, by making the fillers of copper. 

Also, thermometers were cast into the solid electrolyte so 
as to note the change in temperature in the cross-section due 
to the energy loss. One of the solid electrolytes used melted 
at a relatively high temperature and it is of interest, in passing, 
to note that after three-phase voltage had been applied for a 
short period to the tank, filled with such solid electrolyte, 
all of the electrolyte in the triangle formed by the straight lines 
connecting the centers of the conductors became molten, thus 
giving a direct analogy to the over-heating of ordinary 3-core 
cable, as indicated by the characteristic charring of the central 
filler space, when going to destruction by overheating under 
three-phase voltages. This phenomenon has been noted by 
Mr. C. W. Davis as early as 1911. 

The characteristic charring of three-core cable was observed 
by Hochstadter on what we understand was mineral base 
compound about the same time, although not reported to us 
until about 1913. It has also been noted on vegetable com¬ 
pound cable by Clark and Shanklin and by Bang and Louis, and 
reported by them in the A. I. E. E. Trans. 1917, p. 431 and 447 
and for some time engineers of operating and manufacturing 
companies have generally recognized this condition. 

The electrolyte experiments of 19i3-1914 were part of an 
investigation into the causes of this type of failure of three- 
core cable. Supplementing those experiments, covering the 
same period approximately, a comprehensive set of dielectric 
loss measurements were made at high and low voltage, 
both single-phase and three-phase, on mineral compound and 
vegetable compound three-core cable. As a result of these 
experiments, the opinion was reached that the arrangement 
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of conductors and insulation in any ordinary three-core cable 
is such as to make it inherently weak, the tendency of the center 
to overheat being increasingly difficult to overcome the higher 
the operating voltage. 

From the user's standpoint especially, however, it is very 
desirable to retain, insofar as possible, the advantages and econ¬ 
omy resulting from having the three conductors under one lead 
sheathing rather than the more costly alternative method of 
using three single-conductor cables, each separately lead cov¬ 
ered, with attendant disadvantages of extra cost due to the 
increased amount of lead sheathing, and the larger ducts or 
greater number required. 

M. Hochstadter (.London Electrician , May 19, 1916V has 
described a way to avoid the disadvantages of the ordinary 
three-conductor type of cable by converting the cable into what 
is substantially three single-conductor cables without the at¬ 
tendant disadvantages of disproportionate increase in cost. The 
conductors may be made sector shaped so that all the space 
within the single lead sheathing is economically used, thus secur¬ 
ing a still further gain in economy, since it is obvious that three 
single-conductor cables separately sheathed could not conven¬ 
iently be made in sector form and installed in such a way as 
would permit of their fitting together in order to occupy mini¬ 
mum duct space. The thin metal foil or tape suggested by 
M. Hochstadter is preferably made of copper, thus securing 
the most effective dissipation of heat. 

As part of the characteristic charring of the central portion 
of a three-conductor cable of normal type is due to internal 
corona, it is obviously desirable to prevent this as far as possible, 
and what appears to be one of the most effective methods of 
preventing the occurrence of minute air or gas spaces in the 
highly stressed portions of cable dielectric is the suggestion 
of H. W. Fisher in 1911 to apply the previously dried and 
impregnated tape to the conductor while the conductor itself 
is submerged under oil. The adoption of this method should 
make internal corona, or ionization, of relatively little import¬ 
ance even at the highest voltages likely to be reached for many 
years to come. 

Numerous tests were also made with the electrodes repre¬ 
senting the conductors, of different shapes. Certain advan¬ 
tages were found as regards distribution of stress and dielectric 
loss with a conductor of approximately semi-circular form with 
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slightly rounded comers, and with the approximately flat side 
toward the sheath. It is conceivable that such a special form 
would be available in special cases where large conductors 
are involved, but on account of the constructional difficulties 
and larger diameter of this form, a modified sector conductor 
is the most suitable practical alternative for regular use. 

Referring again to the use of solid electrolytes, it may be 
of interest to report the use of such electrolyte in the form of 
pieces simulating simple forms of solid insulators, such as those 
made of porcelain, in use in certain types of cable terminals. 
By immersing such molded solid electrolyte in liquid electro¬ 
lyte of higher resistivity there was obtained a direct represen¬ 
tation' of a porcelain insulator surrounded by air, and we were 
thus enabled to plot the equi-potential lines from the point where 
they leave the surface of the solid electrolyte. This method 
may be of interest to the designers of porcelain insulators, 
although complicated forms may prove themselves difficult 
to cast and make self supporting without undue deformation. 

Using the same electrolyte method, and following the analogy 
of heat flow, isothermal lines for various shaped conductors 
in three-conductor cables were plotted in the Pittsburgh ex¬ 
periments of 1913-1914. These show that under the PE loss 
alone the center of a three-conductor cable will be lower in 
temperature than the temperature of the conductors by a 
small relative amount. In a cable using three sector shaped 
conductors, less relative difference was found between the 
temperature of the center of the cable and the temperature 
of the conductors than where round conductors were used. 

Thornton has explored the field of a three-conductor cable 
by means of the Hele-Shaw method. He suggested the exis¬ 
tence of a triple-frequency field at the center of the cable. 
In the same series of Pittsburgh experiments data were also 
secured regarding this point, and also later in measurements 
with actual cable, at Perth Amboy. All of the measurements 
made failed to show any such effect as described by Thornton. 
It is to be expected, however, that measurements carried on 
.with cable at voltages above the ionization point would 

show pronounced harmonics in the potential wave of stresses 
at different points. 

Measurement of Stresses in Actual Cable 

For this test a specially constructed cable was used. This 
cable was in nearly every way like a commercial three-con- 
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ductor cable with round conductors. Its main differences 
were that at definite points very thin wires (No. 40 A. W. G.) 
were laid parallel to the conductor, and that the cable was 

assembled without “lay”. 

The cable consisted of 4/0 stranded conductors with 
9/32 in. of paper insulation on each conductor and 5/32 in. 
on the belt. The separate conductors were made up as follows: 
Insulation was first applied to a thickness of 1/32 in. Eight 
No. 40 wires were then placed at equal intervals around the 
conductor, and parallel to its axis. The same was done after 
a total insulation thickness of 3/32 in., 6/32 in., and 9/32 
in, had been applied. This made a total of 32 wires per conduc¬ 
tor, or 96 for the cable. Immediately over each set of eight 
wires two layers of paper were applied by hand. The rest 
of the insulation was applied in the ordinary manner by machin¬ 
ery. 

A three-conductor sector cable with the same size conduc¬ 
tors and the same thickness of insulation as the other was also 
constructed in exactly the same manner. The number of 
No. 40 wires per layer, however, instead of being eight were 
only six,—one at each corner of the sector and one half-way 
between each pair of corners. The total number of wires 
for each conductor were then 24, and for the cable 72. 

The small wires were placed whereAhey were so as to furnish 
a means of measuring the potentials at these points. - Here¬ 
after, then, they will be termed “potential wires.” The points 
at which the potential wires were placed will be termed “po¬ 
tential points.” The three conductors of the cable will be desig¬ 
nated as I, II, and III. The four layers of potential wires of 
each conductor, starting at the layer nearest the conductor, 
will be called, respectively, A, B , C, and D . 

Potential data were obtained, in both the circular and the 
sector cable, on all four rows. Measurements of voltages on 
A and B were taken between each potential wire and its con¬ 
ductor, while values on C and D were taken between potential 
wire and sheath. Chiefly because data on B and C would give 
relatively little additional information, only results gotten on 
A and D are given in this paper. 

The problem of measurement of the voltage of the potential 
wires in the three-conductor cable with three-phase volta'ge 
applied is quite similar to that encountered in the measurement 
of potentials and stresses in the electrolyte tank. As before, 



1002 


ATKINSON: TDIEHE LECTRIC FIELD 


[June 27 


there is the problem of measuring voltages of various unknown 
phase relations. This was accomplished in a manner somewhat 
si milar to the one previously described. The current which 
could be taken without field distortion was much smaller, so 
small that only a null method seemed available. Also, it was 
desirable to keep the detecting apparatus at ground potential. 



Fig. 21—Diagram of Connections for Determination of Potential 

Inside of Cable 

* S—three-phase supply 
Ti—three"phase transformer supplying cable 
T 2 and T 3 —single-phase balancing transformers 
V—Voltmeter for Ti 
C V—crest voltmeter for T 2 and Ts 
Ci and Ca—condensers used with C V 
D—detecting device 
K—rectifier (Kenotron) 

R—20 megohm resistance shunting *K 
A S—Ayrton shunt for G 
G—d-c. galvanometer 
P—potential wire 

This explanation will make clearer the reasons for the methods 
adopted. 

Fig. 21 shows the diagram of the connections used. The 
current supply was taken from a 40 kv-a. three-phase trans¬ 
former, the primary being delta connected. The secondary is 
star connected and gives a rated voltage of 95. There are taps 
on each leg, of 21 per cent and 42 per cent of the full volta6e. 
The delta primary of the three-phase high-tension transformer. 
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Ti, was connected to the 42 per cent taps, and as the normal 
rating of this transformer per phase is 440 to 25,000 volts, this 
gave a voltage per phase of approximately 2300, or a voltage 
between conductors of about 4000. This voltage was impressed 
on the cable. 

The balancing voltages were obtained from two single-phase 
transformers, T 2 and T z , each equipped with a regulating trans¬ 
former, thus allowing a selectivity of voltage. The primary of 
T 2 was connected to the 21 per cent taps of the two phases of 
the supply which supplied phase A of transformer T i, thus 
putting T 2 in phase with phase A. The primary of T z was 
connected between the 42 per cent tap of the third supply 
phase and neutral, thus making the voltage of T 3 90 degrees 
away from that of T 2 . The normal rating of T 2 is 440 to 62,500 
volts, with a capacity of 300 kv-a. There are 480 steps in the 
regulator, so that, with a primary voltage of about 20 volts 
there are six volts per step. The normal rating of T z is 440 
to 50,000 volts, with a capacity of 200 kv-a. There are 400 
steps in the regulator, so that, with a primary voltage of about 
23 there are about seven volts per step. The secondaries of 
T 2 and T z were connected in series, the free end of T z being 
connected to one of the phases or to the neutral of T i, and the 
free end of T 2 grounded. T x is not grounded at any point, so 
that the potential above ground of the phase of T l9 or of the neu¬ 
tral, to which the large transformers T 2 and T z are connected, 
is governed entirely by the voltage of these. This arrangement 
enables the detecting device to be always near ground potential. 

To determine the potential at any point P 2 , proceed as 
follows: Connect the potential wire at P to the detecting device. 
Connect the conductors of the cable to and the balancing 
transformers to either the conductor of P or to the sheath. 
Raise the voltage of T 2 and T z in the proper direction until the 
detecting device shows minimum deflection, which indicates 
that P is at ground potential. The voltage produced by T 2 and 
Tz will then be accurately the difference of potential, in direc¬ 
tion as well as in magnitude, between P and its conductor or 
sheath. This being a null method, the stress distribution, 
when balance is obtained, is in no wise altered by the measuring 
apparatus. 

The detecting device consisted of a rectifier for which a 
100,000-volt, 0.1-ampere kenotron was used in connection 
with a galvanometer equipped with an Ayrton shunt. The 
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rectifier was shunted by a water resistance of the order of 
twenty megohms. The rectified current is necessarily uni¬ 
directional, and so the proper balance was considered obtained 
when an increase or decrease in voltage on either T 2 or T 3 in¬ 
creased the deflection. The minimum reading of the gal¬ 
vanometer was not zero, due doubtless mainly to the thermo¬ 
electric (Seebeck) effect between the plate and filament of 
the kenotron, but this did not alter the point of balance. 

Voltages were measured as follows: The voltage of T* was 
measured by a voltmeter connected to a tertiary coil of the 
transformer. The voltages of T 2 , and of the combination of 
T 2 and Tz, were measured by means of a crest voltmeter. 
By separate measurement the voltage per step of the regulator 
of Tz was found to be Quite uniform, and its value determined. 
The voltage of T 3 was therefore calculated from the number of 
steps on its regulator. Thus, the actual potential difference, 

as well as its two components, was accurately measured. 

& 

Accuracy Checks on Measurements on Actual Cable 

To determine what error, if any, was due to end effect, the 
connector of the rectifier was brought within a quarter of an 
inch from the end of the cable and the full voltage applied to 
the cable by means of T h T 2 and T 3 being at their zero position. 
The galvanometer showed a deflection which would be c used 
by less than one step on either controller, indicating that the 
maximum error is less than 2 per cent in the measurement 
of the smallest voltage read. 

The sensitivity of the detecting device was such that after 
balance was obtained, an unbalance of one step (6 or 7 volts) 
on either transformer would definitely increase the galvano- 

nistGr deflection. ' 

The voltages on T 2 and T t should be at right angles to each 
other. To check this point, both transformers were raised to 
the same potential and readings taken of the separate voltages 
and of the hypothenuse voltage. This check was made at 
several different values with the reversing switches of both 
transformers in the up position, with both in the down position, 
and with one up and the other down. 

The measured and calculated values checked exactly in some 
cases, and in others varied by as much as 3 per cent. This 
variation probably accounts for some small phase angle errors 

in the results. 
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A single-conductor cable was prepared with potential wires 
in the same manner as the three-conductor cables, and was sup¬ 
plied with voltage from phase A of 2T, T% and T 3 were used 
as balancing transformers, and the potentials determined at 
various distances from the conductor. In the ideal case T 2 
should have been exactly in phase with phase A, and so the 
balance point should have been with zero voltage on T 3 . How¬ 
ever, T z was required to the extent of changing the phase of 
r 2 about 13/2 degrees on all the measurements. Correction 
was made for this error in plotting the curves. 

The balancing transformers were connected successively with 
the three phases of T h the balancing transformers being 
grounded directly and T i being grounded through a condenser 



Fig. 22 —Phase and Potential at Layer A, Conductor I, Circular 

Conductor Cable 


and the detecting circuit. The voltages were then balanced 
and readings taken on V and C V. These readings checked 
each other as closely as the instruments could be read. 

After the three-phase tests were performed, the cable with 
circular conductors was dissected, and one of the insulated 
conductors wrapped with foil, and measurements were made 
with single-phase on layer A of potential wires. Calculation 
from values thus gotten indicated these potential wires to be 
0.031 in. away from the conductor. Micrometer measurements 
indicated this distance to be 0.032 in. The dissection also 
showed that the potential wires were quite uniformly spaced 
around the conductor, but that they were not absolutely parallel 
with its axis, the rotation in the entire length being not more 
than half the distance between wires. 
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Dissection of the sector cable showed layer D of potential 
wires to be placed quite closely to their proper position, but 
that layer A was altogether misplaced. The actual positions 
were therefore accurately measured and used in Fig. 25. 
Micrometer measurements indicated the insulation thickness 
between the conductor and the first layer of potential wires to 
be 0.325 in. at the small diameter and 0.335 in. on the long 
diameter. 

The curves, Figs. 22 to 25 inclusive, are, as far as possible, 
drawn from values obtained on one conductor only. The 
circles indicating the points for this conductor have been filled 
in solid. On all curves except Fig. 22 points also have been 
shown which were gotten on the other conductors. 



POSITION OF POTENTIAL POINT, DEGREES 

Pig. PV-Phase and Potential at Layer D, Conductor I, Circular 

Conductor Cable 

In the ease of the circular conductor cable, the relative posi¬ 
tions of the potential points were found by dissection, but the 
exact location of the group with reference to a fixed line of 
the cable, such as the line between conductor center and cable 
center, was found from preliminary plotting of the phase 
measurements, it was known that the zero of the phase curve 
must occur at the point nearest the center of the cable and 
again at the point nearest the lead. For the final curve the 
reference point of scale of abscissas was so taken that the phase 
curve would pass through zero on the said line. 

In the case of the sector cable, the relative positions of the 
potential points were, as in the other case, found by dissection. 
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However, since the shape of the cable furnishes a reference 
point, there was no difficulty in determining the reference point 
of the scale of abscissas from the measurements of the dissected 
cable. The zero of the phase curve is here seen to pass zero 



Fig. 24—Pha.se and Potential at Later A, Conductor I, Sector 

Cable 


on the line of centers of conductor and cable, as was assumed 
in the case of the round conductor. 

Curves were drawn of phase and of potential on layers A 
and D of both the circular conductor (Figs. 22 and 23) and 
sector (Figs. 24 and 25) cables. The ordinates of the phase 



Q 25 50 75 100 

POSITION OF POTENTIAL POINT IN PERCENT OF PERIMETER 


Fig. 25 —Phase and Potential at Layer D, Conductor I, Sector 

Cable 


curves are in electrical degrees, positive and negative; positive 
representing out of phase in one direction and negative in the 
other, as in similar curves from the tank experiments. The 
ordinates of the potential curves are in per cent of the voltage 
between conductor and sheath. The abscissas of the curves on 
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the circular-conductor cable are in circular degrees, starting 
with 0 degrees at a point nearest the sheath, thus making the 
point nearest the center of the cable 180 degrees. In the case 
of the sector cable the zero is also taken at the point nearest 
the sheath, but the abscissas are in per cent of the perimeter 
at the layer of potential wires concerned. These curves should 
be symmetrical about their middle point, and any slight 
discrepancy may be attributed to non-symmetry of the three 
phases. 

Effect of Stranding Upon Stress 

The data here recorded on the effect of stranding on voltage 
gradient are not extensive but supplement previous data. 
Tests were made on a seven-strand and a nineteen-strand con¬ 
ductor, that is one containing six wires and one containing 
twelve wires in the outer row. The ratio of the stress in the 
case of the stranded conductor to that with a round conductor 
of the same area of section and with the diameter of the sheath 
the same in each case, is given to compare with the value de¬ 
termined mathematically by Jona. The value 1.23 found for 
seven-strand conductor checks exactly with the value given by 
Jona. We find the same value for the 19-strand, though Jona 
states the value will be larger, but he does not solve his equation 
for this case. 


TABLE III 

SHOWING EFFECT OF STRANDING UPON VOLTAGE GRADIENT 


No. of Strands 

Insulation thickness 

Ratio of stress with stranded con- 

of conductor 

conductor diameter 

ductor to that with round conductor 



A 

B 

7 

1.47 

1.23 

1.26 

7 

0.50 

1.23 

1.18 

19 

1.07 

1.21 

1.22 

19 

0.71 

1.22 

1.20 


A. Same outside diameter over insulation, area round solid equal to total area of strands. 

B. Same outside diameter over insulation, same diameter of solid and stranded conduc¬ 
tor. 


The most generally useful basis of comparison is the ratio 
of the stress of the stranded conductor to that of a round con¬ 
ductor of the same outside diameter and : with the same insula¬ 
tion thickness. These values are given in the last column of 
the table. Little difference between the two styles of a strand- 
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ing is apparent, though the data are not on exactly the same 
basis. On ordinary thicknesses of insulation the increase of 
stress due to stranding is roughly 20 per cent. For very thick 
insulation relative to conductor diameter, the increase is greater, 
and for thin insulation the increase is less. 

Whitehead has shown that the effect of twisting the strands, 
as is actually done in cable practise, is to decrease the effect of 
stranding upon the gradient. Though his tests were with 
insulation thicknesses very great as compared to cable insula¬ 
tions, doubtless there is an important effect of this kind for 
thinner insulation. The data here given are upon untwisted 
strands, and should be supplemented by determination of the 
effect of twisting. Data here given are for single-conductor 
cables in a single-phase field. 

Practical Application of Data 

A brief outline of the manner in which the accompanying 
data may be applied to important problems is given. 

The application of the resistance in electrolyte tank measure¬ 
ments has been indicated in the data given in connection with 
Fig. 2. This curve has been in use for some time in our 
laboratory and serves admirably to link together measurements 
of capacity, energy loss, etc. on different sizes, three-conductor 
cable as well as single-conductor cable. An interesting and 
important fact has been learned by the comparison thus allowed 
between the permittivity of the dielectric of three-conductor 
and single-conductor cable. It has been found that there is a 
definite difference, greater than the possible error of the curves, 
in the direction of lower permittivity for the dielectric of the 
three-conductor form. This is attributed to a low permittivity 
of the filler material in actual three-core cable as compared 
with the uniform permittivity of the dielectric occupying the 
filler spaces in the tank of electrolyte, as we know that the filler 
of an actual cable may have lower permittivity than the paper 
on the conductor, under certain conditions. A more compre¬ 
hensive investigation of this has been begun. The bearing 
of this upon the stresses in the cable is apparent and will be 
discussed further. 

The application of these data to temperature rise measure¬ 
ments of three-conductor cable is similar and of corresponding 
convenience and value. 

A table is given comparing the stresses of a three-conductor 
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cable under three-phase voltage with the stresses of single-con¬ 
ductor cables of certain specified insulation thicknesses. Tests 
are reported on two sizes, one with relatively thin and one with 
relatively thick insulation. It will be observed that the 
maximum stress next the conductor, toward the cable center, 
is so close to that in a single-conductor cable having the same 
insulation thickness as the distance between conductor and 
center of cable, that quite accurate calculation of the maxi¬ 
mum stress of any three-conductor cable may be made readily 
from these data. 


TABLE IV.—STRESSES AT IMPORTANT POINTS IN SECTION 



r 

A 

B 

C 

Max. stress at conductor surface on 

J 

0.625 

1.71 

1.01 

2.65 

line toward center of cable. 

\ 

0.288 

1.43 

1.04 

1.88 

Stress at center of cable. 

i 

0.625 

0.65 

0.385 

1.01 


i 

L 0.288 

0.685 

0.496 

■ 

0.902 

Stress at mid point between conductors 


f 0.625 

0.92 

0.545 

1.42 

on center line of conductors in direction of 


0.288 

1.18 

0.855 

1.55 

center line. 



• 



Stress at edge of conductor insulation 


0.625 

0.77 

0.455 

1.19 

on center line of conductor and center of 


0.288 

0.83 

0.602 

1.09 

cable.. 






Ditto but normal to the center line... . 

f 0.625 

0.51 

0.302 

0.790 


\ 0.288 

0.52 

0.277 

0.685 


A. Stresses in terms of average stress between conductor and center of cable along line 
joining these points. 

B. Stresses in terms of maximum stress of single-conductor cable having the same in¬ 
sulation as the distance between the conductor and center of three-conductor cable. 

£-■-This distancej;s equal to 1.154 times the conductor insulation plus 0.077 times the con¬ 
ductor diameter. 

C. Stress in terms of minimum stress of single conductor having same insulation as B. 

r. Ratio of conductor insulation to conductor diameter. 

Data have been given showing the agreement between values 
determined from Russell and those measured, for maximum 
stress between conductor and sheath. A curve (Fig. 16) con¬ 
stituting a solution of Russell's formula is given. 

Stresses at and near the center of the cable and at various 
points on the surface of the conductor insulation are seen to 
bear a fairly definite relation to the stress at the sheath of the 
same single-conductor cable. At the center, the stress is quite 
closely the same as that at the sheath of the single-conductor 
cable, though the stress at the other points is considerably 
greater. 
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When the stresses of the three-conductor cable are compared 
with those of a single-conductor cable, it should be remembered 
that in many parts of the three-conductor cable there is not a 
simple alternating field, but it may be considered to consist of 
two alternating fields superimposed at right angles and produc¬ 
ing a rotating electric field somewhat analogous to the rotating 
magnetic field-of an induction motor.* 

We have also summarized in Table V the data on the 
actual three-conductor cable so that they may be compared 
with those given in Table IV, as the result of the measure¬ 
ments with the conducting liquid. 

TABLE V 

MEASURED STRESSES AT IMPORTANT POINTS IN' ACTUAL CABLE 
The data here given are for the circular conductor cable for which curves have been 
shown. For this cable r = 0.532. 




AA 

A 

B 

Stress at conductor on line joining 
center of conductor and center of cable. 

{ 

From ) 
data J 

► 

.87 

1.70 

1.05 

Stress at conductor on shortest line 
between conductor and sheath. 

• 

4 

From ' 
Data 
From 
Russell’s 

► 

.75 

1.46 

to 

o 



v Formula J 


.70 

« • » a 

00 

• 


A, B and r —same as table above. 

A A. Stress in terms of maximum stress of single-conductor cable with insulation thick¬ 
ness equal to conductor insulation of the 3-conductor cable. 

Note. Data shown in column A A were obtained by comparing the three-phase stresses 
with stresses obtained by actual single-phase measurements on one of the conductors of 
the three-phase cable after it had been dismantled. Data shown in columns A and B were 
derived from the values in column A A, 

It will be seen that the stresses next the conductor are some¬ 
what greater than those determined by the previous method. 
We are not able to state with certainty the reason for the differ¬ 
ence, though we believe it too great to be accounted for by inac¬ 
curacy of measurements. If the permittivity of the filler 
material were higher rather than lower than that of the main 
insulation, it would result in giving such a result. As stated 
previously, it would be expected that this effect would be in 
the opposite direction, since for the low voltage at which 
measurements were made the filler was that thought to have 

*For instructions as to the use of Table IV in connection with Fig. 16 
for obtaining stresses at different points in the section of a 3-eonductor 
cable, see Appendix B. 
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a low permittivity. It is possible that the presence of the 
potential wires, due to the fact that they were not exactly 
parallel to the axis of the cable, distorted the field sufficiently 
to cause the increase of stress above the value found by the 
other method. 

It is important to consider the data on stresses in connection 
with the paper given before this Institute in February, 1919, 
by Shanklin and Matson. They conclude that the maximum 
allowable operating pressure for a given cable occurs at a certain 
gradient that is very definite for a given insulating material. 

If we accept this conclusion, we have at once from the data 
presented herewith a basis for the relative rating of cables with 
different sizes of conductor and different thicknesses of insula¬ 
tion. However, the application of the data by one of the same 
authors indicates that important modification of the said conclu¬ 
sion must be made. In the 1917 paper, a cable, No. 1/0 with 
9/32 in. insulation on the conductors and 7/S2-in. insulation 
on the belt, is mentioned as having operated successfully at 24 
kv. for some years. The maximum voltage gradient in this cable 
is more than 27 kv. per cm.—much in excess of 22 kv., which 
they conclude in the 1919 paper to be the limit for that class 
of material, as based on experiments on cable presumably of 
much more recent manufacture, and therefore not of poorer 
construction. Of course, also, there are many other cables 
operating successfully at gradients much in excess of 22 kv. 
per cm. 

In bringing out this point in connection wth the paper of 
Shanklin and Matson, I do not want to be misunderstood, as I 
consider their paper an important contribution to the problem 
of cable insulation; and though I feel that the theory offered 
must be subjected to material modification, yet it may be part 
of the foundation upon which may grow a material evolution 

in the cable industry. - 

While considering this paper by Messrs. Shanklin and Mat- 
son, it may be well to call attention to the possibility that, in 
some cases, the ionization which they found, occurred actually 
in the filler spaces rather than next to the conductors. It is 
not possible to give specific figures, as we do not now have 
s uffi cient data of stresses in the filler space with single-phase 
voltage, which is the condition under which their measurements 

were made. 
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Sector Cable 

We are not attempting to give as specific data on sector cable 
as have been given for round. Time and space make a barrier, 
and furthermore, specific data will have less general application, 
for the terms “sector” and “modified sector” as applied to 
cable conductors are given to shapes differing quite widely in 
form and thus in characteristics, and presentation of complete 
data on even one specific form of conductor would require even 
more space than for round conductors. Some approximate 
general statements will however be of value. 

To determine capacitance of cables with conductors of sector 
shape, take the data for a cable with the same insulation thick¬ 
ness and with round conductors of about 50 per cent (two 
sizes A. W. G.) greater area than the sector conductor. Actu¬ 
ally, for different insulation thicknesses relative to conductor 
sizes, and for capacities of the different combinations listed, 
there is much range in the ratio of areas of round conductors 
and sector conductors having the same capacitance, the range 
of this ratio being from about 1.2 to 2.0, hence the rule just 
given is not more than a first approximation though it will 
seldom give capacities greatly in error. 

The measurements made on the sample of actual sector cable 
indicate that the maximum stress is somewhat lower than that 
for the corresponding round conductor cable, but tests in the 
electrolyte tank indicate that relatively slight change of shape 
can influence the value of maximum stress sufficiently to vary 
it from lower to higher than for round conductor. The stress 
on the outer surface next the sheath was in all cases much 
less than for the round conductor. 

Attention has been called above to the fact that these data 
throw much light on the inherent weakness of the ordinary 
form of three-conductor cable. The stresses in the filler spaces 
and tangential to the layer insulation are somewhat less than 
the maximum, which occurs at the conductor surface. However, 
because of the weakness of the filler insulation and the weakness 
of the conductor insulation for tangential stress, these stresses 
become of great importance. Other stresses in the filler space 
are very large as compared with the average stress throughout 
the insulation, and large even as compared with the maximum 
values at the conductor surface. Improvement in this portion 
of the dielectric has not in the past kept pace with improvement 
in the insulation near the conductors and probably can still not 
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do so in the future. Doubtless, therefore, stresses in this 
portion of the cross section will become more and more the 
limiting condition in cables of the usual three-conductor form. 
Furthermore, it must be borne in mind that the stresses given 
are for the condition of dielectric of uniform permittivity. 
The stresses in the filler space will exceed materially the values 
here found, where the permittivity of the filler material is lower 
than that of the remainder of the insulation. 

These experiments were carried on in the factory of the 
Company with which the author is associated, and the 
writer wishes to express appreciation for the facilities extended 
by his Company, and for the cooperation of various individuals. 
Thanks are due Mr. C. W. Davis and Mr. H. W. Fisher for 
many valuable suggestions and comments, to Mr. Donald 
Simons in connection with the early work done in the Pittsburgh 
Laboratory, and to Mr. A. M. Hagen and Mr. L. Meyerhoff 
for their faithful and valuable assistance in the performance 
of experimental work and in the preparation of this paper. 

APPENDIX A. 

To obtain the charging current for any desired connection 
of a three-conductor cable from Fig. 2, proceed as follows: 

On the lowest set of curves follow the horizontal line repre¬ 
senting the value of total (belt plus conductor) insulation, 
until the curve for the given size conductor is intersected. 
This will give the ratio of total insulation thickness to con¬ 
ductor diameter. Now calculate the ratio of belt to con¬ 
ductor insulation for the given cable. From the point of 
intersection gotten above go vertically upwards until the 
horizontal line representing the calculated ratio of belt to 
conductor insulation, on the set of curves for the particular 
type of charging current desired, is reached. This point of 
intersection gives the value of charging current sought in 
terms of milliamperes per 1000 ft. at 60 cycles and a permit¬ 
tivity of 3.27. 

For example, let it be required to find the charging current 
3 conductors to sheath on a 3-conductor cable, having 4/C 
conductors with 10/32 in. insulation on each conductor and 
4/32 in. on the belt. The total insulation here is 14/32 
in. and following the 14/32 in. line on the lowest set of curves 
we find that it intersects the 4/0 curve at a ratio of total in¬ 
sulation thickness to conductor diameter of 0.83. The ratio 
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of belt to conductor insulation is 0.4. On the 0.4 line for 3 
conductors to sheath we find that an abscissa of 0.83 corre¬ 
sponds to a charging current of 34.3 miliamperes per 1000 
ft., which is the value sought. 

APPENDIX B 

The values given in Table IY puts us in position to deter¬ 
mine stresses at various points in the cross-section of a 3-con¬ 
ductor cable when operating 3-phase. We will here outline 
the method for obtaining the stress at one particular point 
by the use of Table IV in connection with Fig. 16, but prac¬ 
tically the same method can be used for obtaining stresses at 

other points in the cable section. 

The particular point chosen is that point on the conductor 
surface which is nearest to the cable center. As stated in 
the paper, this stress is approximately equivalent to the stress 
of a single-conductor cable having the same conductor diam¬ 
eter and an insulation thickness equal to the distance from 
the conductor surface to the center of the cable. After find¬ 
ing this distance, the maximum stress at the surface of the 
conductor for this equivalent single-conductor cable may be 
found by the usual formula, or more conveniently by the 
middle curve of Fig. 16. As shown, however, in Column B 
of Table IV, this value is not absolutely correct, and a slight 
correction must be made depending upon the ratio of con¬ 
ductor insulation to conductor diameter, as shown in the 
above table. The correction for values of the ratio between 
those given in Table IV may be found by interpolation. 
Great care however must be used in exterpolating from these 
values, but, as very few commercial cables have ratios ex¬ 
cept between these limits, the question will ordinarily not 

arise. 

To illustrate the above by example, let us consider a 3-con- 
ductor cable, No. 1 A.W-G. strand, 9/32 in. X 7/32 in. Putting 
sizes into decimals, we have a 0.328 in. diameter conductor, 
with insulation 0.281 in. plus 0.219 in. Obtain the equivalent 
single-phase insulation* 1.155 X 0.281 plus 0.078 X 0.328 
= 0.350. The ratio of equivalent insulation thickness to con- 

ductor diameter is = 1.07, and from the middle 
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c ur ve of Fig. 16, for 1.07 we find th© ratio of maximum to 
average stress is 1.88. The average stress with say 14 kv. 

between conductors is x x 3^ 0 = 9 * 08 kv - per cm ' 

The maximum stress is therefore 1.88 X 9.08 = 17.01 
kv. per cm. To make the final corrections referred to above, 
divide the actual conductor insulation by the conductor 


diameter, or -£§§■ - 0.856. This is a higher value than 

either of the values given in the top of column B, Table IV. 
The correction is less than 1 per cent therefore and can be 

neglected. . . 

To find the maximum stress in the direction of the sheath, 

for a three-conductor cable, either under three-phase voltage, 
or as is done in cable testing, under single-phase voltage, the 
method is very similar. Find the average voltage stress per 
cm of the insulation between the conductor and the sheath. 
Find the ratio of the total insulation thickness (i.e. conduc¬ 
tor insulation plus belt insulation) to conductor diameter and 
find the value corresponding to this ratio in the bottom curve 
of Fig. 16. Multiply the average stress by this figure and 
maximum stress at the surface of the conductor is obtained 
As illustration, let us take the same cable. The total in¬ 
sulation is 0.281 in. plus 0.219 in. = 0.500. The average 
gradient with 14,000 volts three-phase between conductors 

14 • 

is 0.500 X ‘2.54 X VH 


= 6.35 


0-500 _ i.52, and the ordinate corresponding to this in Fig. 

16, bottom curve is 2.02. 2.02 X 6.35 = 12.7 kv. per cm., 
which is the maximum stress at the surface of the conductor 

toward the sheath. 
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Discussion on “High-Tension Single-Conductor Cable 
for Polyphase Systems” (Clark and Shanklin) and 
“The Dielectric Field in an Electric Power 
Cable”, (Atkinson), Lake Placid, N. Y., June 27,1919. 

H. W. Fisher : The paper of Messrs. Clark and Shanklin 
takes me back to the year 1907 or 1908 when I had been making 
some experiments to determine the change of impedance on 
single-conductor lead-covered cables with and without lead 
cover short-circuited. I found in some cases the impedance 
was greater with the lead cover short-circuited; in other cases 
it was less. I discussed this matter with some of our very 
prominent engineers at the time and they said my experiments 
must be wrong as they would expect the impedance to decrease 
as it does in a transformer with the secondary short-circuited. 

About that time, I spent a considerable time in trying to find 
a competent young man to take charge of the Experimental 
Dept, of my Company and I selected Mr. R. W. Atkinson 
whom I asked to give a solution of the above mentioned prob¬ 
lem. In a paper which I read at Frontenac, in the year 1909, 
I presented Mr. Atkinson’s graphical and mathematical solu¬ 
tion of the problem with which the solution, in the paper we 
are discussing, is in accord. 

Just about that time we were asked to quote on a 60-mile 
transmission in South America where it was very advisable to 
install cables instead of aerial lines on account of tropical 
conditions, and as we had previously been making experiments 
on dielectric loss, commencing about the year 1907, we were 
prepared at that time to discuss the problem fully. 

The problem was as follows:—Frequency, 25 cycles; pro¬ 
posed transmission voltage, 42,000; power factor of load, 80 
per cent; system operated with grounded neutral; number of 
circuits, 2 at least, and line loss to be 5 per cent. 

Our calculations very soon showed we could not use three- 
conductor cables for the service and therefore we had to figure 
on single-conductor cable. We considered 60,000-volt and 
42,000 volt transmission, and owing to the very much higher 
cost of 60,000-volt cables, we found that 42,000 volt-transmis¬ 
sion was the more economical. It was impossible to operate 
at 5 per cent loss and the figured loss was between 12 and 15 
per cent for the different kinds of cable. 

The recommendation that stresses in the insulation of com¬ 
mercial high-voltage paper insulated cables made under present 
day conditions be limited to so low a value as 19.5 kv. per cm. 
is not in accordance with our experience. I know 
of a number of cases in operation where the stress at the surface 
of the conductor is considerably more than that, and I do not 
think that there should be a limit in the stress specified, be¬ 
cause this would tend to curtail development in the art by 
manufacturers who might be able to improve their products so 
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as to furnish cable which could be operated at a considerably 

higher stress at the surface of the conductor. . 

c W. Davis (read by H. W. Fisher): Hochstadter m his 
paper of 1910, published in the E. T. Z., discusses at length 
the merits of single-conductor and three-conductor cables and 
gives a large amount of data on dielectric loss measuremen s 
up to 40 kv. or 50 kv., both single-phase and three-phase cur¬ 
rent The results of this work induced German engineers to 
S singliclnductor cables on the Prussian State Railway 
as described by Pfannkuch m E. T. Z. of 1913. 

Klein’s careful tests on single-conductor cables at stresses at 
cnirfaee of conductor up to 60 kv. per cm. repoited m E. T- L. 
for 1913. show for the first time in published data, so far as we 
know the effect of ionization, although the significance of this 
was not apparently known to Klein at the time. 

In 1913, from the tests he made on four out of six cables, ! 
found that ionization or internal corona began at from 25 kv. 
to 30 kv. per cm. in solid insulation or about 75 kv. to 90 kv. 
in air spaces. At that time (1913) I suggested a law of loss for 
evenly ^distributed air spaces including a term (based on the 
proof of Monash in 1907) varying as the square of the voltage 
and representing the inherent loss m the solid insulation as 
well as another term based on Peek’s law of corona.for the loss 
in the air spaces at voltages above the start of ionization or 

^Wm! T Del Mar : Messrs. Clark and Shanklin assign 
much importance to the tangential stresses pointed out by 
Hochstadter. These stresses occur in a three-conductor cable 
because at any instant the drop of potential between any 
conductor and the outside of the insulation surrounding it, is 
unequal along different radii from the center of the conductor, 
due to the different voltages between that conductor and the 
other conductors and sheath.. This variation of potential 
along the surface of the insulation of the conductor gives rise 
to circumferential leakage currents and dielectric losses. All 
this is based on the assumption that the spaces between the 
insulated conductors are filled with a relatively imperfect 
insulating material, such as impregnated jute. If paper fillers 
are used there will be no well defined surface on which this 
phenomena can occur, and the limitation pointed out y 

Hochstadter will not directly apply. 

The remarks by Messrs. Clark and Shanklm regarding the 
impracticability of grading cables are much to the point. It 
has long been known that it is commercially impracticable to 
accurately predetermine the specific capacitance of varnished 

cambric or rubber insulation. . _ , , ,, - 

The general proposition of using single-conductor cables in 
place of triplex cables offers an interesting field for speculation. 
I am of the opinion, however, that single-conductor systems 
will not come into extensive use because of the failure of triplex 
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cables at 30,000 volts. I believe that future development will 
result in raising the voltage limit for triplex cables. _ 

Like Mr. Fisher, I am rather surprised at the limiting stresses 
which the authors give for paper insulated cables and I can’t 
help wondering whether a fallacy has not been introduced by 



Fig. 1.—Equipotential Lines and Lines op Electric Stress in 

Round Conductor Cable 

basing these stresses upon the results of tests on concentric air 
films, as it is possible that air bubbles near the surface of the 
conductor will not break down as easily as flat films. 

Referring to Mr. Atkinson’s paper, I wish to state that 
for several months the Research Laboratory of the company 



Pig. 2—Equipotential Lines and Lines of Electric Stress in Sector 

Cable 


with which I am connected has been carrying out a series of 
tests, similar to those recorded by the author, and using sub¬ 
stantially the same methods. The primary purpose of the 
tests recorded in this discussion was to determine the best 
form of sector cable from the point of view of reducing di- 
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electric stresses and dielectric losses to a minimum, and 
increasing the heat dissipation to a maximum. 

Mr. Atkinson states that tests in the electrolyte tank indicate 
that relatively slight change of shape of sector cable can influ¬ 
ence the value of the maximum stress sufficiently to vary it 
from lower to higher than for round conductors. This agrees 



Fig. 3—Lines of Electric Stress in a Round Conductor Cable 

with our observation, and we therefore, made tests on various 
modified sectors for the purpose of ascertaining the best iorm 
of sector cable from the electrical point of view. A close 
approximation to the ideal form thus found, being easy to 



p IG> 4 —Lines of Electric Stress in a Sector Conductor Cable. 

manufacture, subsequent tests were made upon conduc¬ 
tors of this form. . _ , , ,. 

Figs. 1 and 2 show the equipotential lines and stress lines in 

three conductor round and sector cables, respectively, and 
Figs 3 and 4 show the stress lines without the equipotential 
lines. It will be noted that the maximum density of stress 
lines is about 15 per cent greater in the round than m the 
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sector cable. Furthermore, the stress along the line joining 
the centers of round conductors, checks Mr. Atkinson's curve 
A, Pig. 17, very closely, while in the case of the sector cable, the 
corresponding curve would have only about one-half the sag. 



Fig. 5—Lines of Heat Flow in a Thermally Ideal Sector Cable 

Mr. Atkinson mentions the application of the electrolyte 
method for the determination of lines of heat flow in cables. 
Fig. 5 shows the lines of heat flow for a thermally ideal sector 
cable. Such a cable is electrically impracticable, due to the 
high stresses that would occur at the sharp points. Fig. 6 



Yig. 6_Lines of Heat Flow in a Round Conductor Carle 

shows corresponding lines for a round conductor cable and it is 
interesting to note the much greater average length of path 
that the heat must travel in flowing from conductor to sheath. 
Fig. 7 shows the heat flow from a sector cable, indicating that 
an electrically good sector cable is intermediate between a 
thermally ideal sector cable and a round-conductor cable. The 
relative heat conductance from conductors to sheath are as 
follows: 
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Thermally Ideal Sector Cable. 100 

Electrically Good Sector Cable... 

Round-Conductor Cable (Stranded)........ IAU . 

Figs. 8 and 9, are similar to Figs. 6 and 7 except that iso¬ 
thermal lines are added. It should be noted that these curves 



p IG . 7_ Lines op Heat Flow in an Electrically Good Sector Cable 


apply only to cables wherein the dielectric loss is negligible and 
therefore, do not represent conditions in a 60-cycle high- 
voltage cable at normal operating temperature. ,_ 

The method of test differed from that used by Mr. Atkinson 
in the employment of 300-cycle current in conjunction with a 



Fig. 8— Isothermal Lines and Lines op Heat Flow in a Round 

Conductor Cable 

telephone receiver and resistance bridge. The ratio of the 
bridge resistance, when balance is obtained, is equal to the 
ratio of the potential drops between the movable contact 
needle and each of the two electrodes. A diagram of connec¬ 
tions is shown in Fig. 10. . . ■ , 

The tests recorded above are from a general research on 
dielectrics, which is now being carried out under my direction 
by my associates, Mr. C. F. Hanson and Mr. L. Cockaday. 






1919 ] DISCUSSION AT NEW YORK 1023 

Mr. Atkinson states that the dielectric losses in a cable may 
be taken to be proportional to the charging current. This is 
practically true for cables having conductors of similar form. 
It is not true when comparing round. conductor with sector 
cables, as the effect of increase of charging current in the latter 
may be neutralized by the elimination of spots wherein dielec¬ 
tric stresses are excessive. As the dielectric loss, at any point, 
is proportional to the square of the dielectric stress at that point, 
it is obvious that making the stress more uniform will have a 
marked effect in decreasing the dielectric loss. 

Details of Test 

1. Electrolyte = Hydrant water. 

2. Depth of electrolyte = 1.5 in. (6 cm.). ■ 

3. Size of tank =36 in. by 42 in. and 6 in. deep, (91cm. x 107 x 

15.2 cm). Painted white with lines ruled 1 cm. apart on the 
bottom. Plate glass placed on bottom for insulation. The 
numbers on the lines could be read clearly through the electrolyte 
and glass. 



Fig. 9—Isothermal Lines and Lines of Heat Flow in a Sector 

Cable 


4. A chart ruled to be a duplicate of the bottom^ of tank was used 

in plotting the readings taken with the exploring needle. 

5. Size of model round conductor = 6.70 in. (17 cm.) diameter. 

Size of model cable = 28.0 in. (71 cm.) diameter. . 

6. Exploring needle =0.4 mm. platinum wire sealed in end oi glass 

tube. 

7. Model conductor represents a 350,000 cir. mil cable, insulation 

7x7 . 

“ 32 m * 

8. Ri and irb are resistance boxes, R\ and R% = 10,000 ohms. 

9. R and 2 R, a 3220-ohms rheostat. 

10. K Ri and K R 2 , a 52-ohms rheostat. 

11. The observer’s stand and telephone receiver were kept at the 

same potential by varying K R t and K R 2 - This balance was 
obtained by disconnecting telephone from exploring needle and 
connecting it on to the slider ot the rheostat K Ri ~~ Ri which 
was adjusted to obtain a minimum in the telephone receiver. 
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This prevented current from passing from telephone receiver 
through the observer, thereby, eliminating .^y error due to the 
high-frequency current producing an error m balancing with t 

12. I^aiance^with needle point was obtained with 300-cyele current. 

Practical silence was obtained in the telephone on balance. . 

13. As a bridge method was used, readings are independent of -vana- 

tions of line "voltage. 

D. W. Roper s Referring to the paper by Messrs. Clark and 
Shanklin in which they suggest the use of a sectional sheath on 
two-conductor cables, this may be all right for normal op g 
conditions but I think it would be a little awkward for some of 



Fig 10—Bridge Connections for Finding Eqtjipotential Lines 

the abnormal conditions such as the failure of the cable. In 
the earlier years in Chicago, when the Fisk St. Station had 
just started and there was no problem regarding electrolysis, 
the lead sheaths connecting the transmission lines were not 
bonded together and it was discovered that when we had a 
transmission line burnout that the voltage of the lead sheatn 
was raised to such an extent that there was arcing and burning 
of the lead sheath wherever there was actual contact with the 
manhole brackets or where the sheaths were in contact. 

It would seem, therefore, very probable that m the case of a 
burnout of one section of a single-conductor cable with a 
sectional lead sheath, that this portion of the sheath, m spite 
of the fact that there was a ground connection, would be raised 
to such a point as to cause arcing or pitting or perhaps the jump¬ 
ing of the insulation between sections. . 

The paper speaks of hot spots, apparently referring to hot 
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spots in the conduit due to local heating conditions, but slurs 
over the fact that there are also hot spots in the cable entirely 
independent of the hot spots in the conduit. In other words, 
although a cable appears to be of quite uniform construction 
throughout, as a matter of fact the construction is not umtorm 
—far from it! So that the dielectric loss, particularly in the 
resinous compound cables, is far higher at some points than at 
others, so when you approach the limiting temperature at which 
the cable can be safely operated or if that temperature is 
exceeded, then breakdowns in the cable will occur due to the 
dielectric loss being higher in some points of the cable than m 
others although the surrounding conditions may be identical. 

That might be thought to be a disadvantage but m some 
respects it might be considered a safety valve because experi¬ 
ence has shown that when breakdowns occur at that point due 
to overloading of the cable, that the damage to the cable is 
entirely local and that there is no sign of charring or injuring 
in any way of the paper insulation at other points between t e 
point of breakdown and the source of supply. It is entire y 
possible that as we get into the use of cables with lower dielec¬ 
tric loss that this question of the local hot spots may not be so 
important and if that actually results, then it is equivalent, 
vou might say, to screwing down the safety valve that you have 
with the present compound cables ... . 

The question of heating of the cables and the limiting oi the 
load is an interesting one but as a matter of fact the company 
with whose operation I am familiar has never yet pulled a 
switch on a transmission line that was overloaded. I he tact 
that the line is overloaded is an indication that some emergency 
has arisen so that it is more important than ever that the cable 
be maintained in service as long as possible and it is then* uni¬ 
versal practise on such occasions not to pull the switch but to 
allow the load to be carried until other arrangements can be 
made to carry the load or until the cable fails and the switch 

thereon opens automatically. i £ ,, 

In the case of the dielectric loss, I think the shape of the 
curve is just as important as the value of the dielectric loss at 
some particular temperature. The thing that is desired is 
that the dielectric loss should not increase at or near the 
maximum loads which are likely to be carried in emergencies 
and that the resulting hot spots which result, will not cause 


breakdowns at too low loads. . . 

With regard to the statement on page 959, I think that is 

made a little bit too rigid where it says, at the top of the page, 
“Eddy currents in stranded-cable conductors have been shown 
both theoretically and by actual measurement to be negli¬ 
gible.” This is the case, I believe^ for ordinary values of cur¬ 
rent but under exceptional conditions it is quite possible to 
get kinetic current loss, which is very important and serious. 

We recently had a case of trouble in Chicago, an excess 
current for some eighteen minutes on a stranded-cable con- 
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ductor which made up a reactance coil between sections of the 
bus That was an eight hundred thousand circular mils, 
stranded-cable conductor, barrel wound in three layers. After 
the trouble was over it was found on examination that the top 
and bottom turns of the reactance coil _ was still bright but 
that the turns in the middle had been oxidized by the heating 
and there were places four inches away from the conductor in 
the middle of the coil where the varnish on the wood adjacent 

had been blistered by the heat. 

Referring to the diagrams which have been passed around 
by Mr, Del Mar showing the isothermal lines and the relative 
heat conductivity of round and sector cables, it would be very 
interesting if he could add to his discussion some figures which 
would indicate the relative carrying capacity of round and 
sector-shaped conductors of the same size. 

Philip Torchio: I am very glad to have a paper like the 
one of Mr. Clark and Mr. Shanklin on record, especially with 
the further comments which Mr. Shanklin has made that 88,000 
volts operating voltage can be used. However, I would like to 
say a few words on the plan of the paper to prevent confusion 
and, perhaps, misconstruction of the intent of the writers. I 
believe that the writers have gone a little too far in showing the 
advantages of the single-conductor cables. 

The comparison is made between a three-conductor cable 
versus the single-conductor cable, using three three-conductor 
cables compared with one circuit of three single-conductor 
cables. Also the comparison is made, I believe, for three- 
conductor cables, round conductor. If they had used the 
sector cable they would have had a smaller diameter; also, as 
the thermal characteristics of the sector cable would be better 
than those of the round conductor cable, these changes would 
have, to a large extent, modified the relative values, as arrived 
at in the paper, of the saving due to the use of single conductors. 

In practical application, I would not consider the installation 
having three independent circuits, each consisting of a three- 
conductor cable as merely equal to a three-phase circuit consist¬ 
ing only of three single-conductor cables. 

I think in the first layout with one cable out you still have 
two-thirds, with two cables out you still have one-third, but in 
the s in gle-conductor cables if you lose one you lose the whole 
circuit. 

The object in making these remarks is not in any way to 
detract from the value and the essence of this paper. The 
paper gives a limit of construction for three-phase cables of 30 
kv., which, possibly, if the sector cable had been considered, 
Mr. Clark and Mr. Shanklin might have raised to 40 kv., but 
anyway we are limited in the three-phase cable while we have 
a much wider range in the single-conductor cable. 

That is the essential and important value brought out by the 
paper. But we must not conclude that perhaps we can accom¬ 
plish similar results at lower voltages. Although single- 
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conductor cables are used for the lower voltages, as we have 
been using them quite generally in this country in central 
station work for wiring up generators to the switchboard, the 
single-conductor leaded cable has many^ disadvantages. If you 
keep the lead sheath open-circuited, high voltages are caused 
on the sheath and if you ground the sheath then you have large 
currents flowing in the lead sheath. 

Another point is that when you use low-voltage cables where 
the currents are high, in case of short circuits, the mechanical 
stresses are enormous. As a matter of fact, in our own genera¬ 
ting stations we provide frequent supports, say four feet apart, 
throughout the run of the cable unless it is in pipe. 

Difficulties with these stresses would be serious in manholes 
if such cables, for general distribution, were not properly planned 
and properly protected against these stresses. 

H. L. Wallau : I have a few figures here that may be of 
interest. They refer to a test made on two lengths of one 
million cir. mil conductor, 61-strand, low-tension cable, 
separated 26 in. (67 cm.) center to center. The cables were in 
a dry subway and each cable was 1,140 feet (347.4 m.) long. 
The far ends of the conductors were sweated together, the near 
ends of the sheaths permanently bonded, and the far ends of 
the sheaths cross connected through cables with bolted lugs so 
that the sheath circuit might be opened or closed. 

One hundred and twenty volt, 60-cycle current was applied 
to the conductors. The current in the conductor was 650 
amperes. With the sheath circuit closed the • sheath current 
was 225 amperes; with the sheath circuit open the induced 
voltage was 95 volts. This shows that the induced current for 
distances of 1,000 ft. (304.8 m.) between bonds is apt to_ be 
material and add quite some to the heat generated in the cable. 

In fact in our own station*, where we have long (500 ft.) runs 
between generator terminals and switches, the use of leaded 
cable was found to be objectionable and a cambric, non- 
leaded, single-conductor cable used instead. 

However, we did look into the question of grounding- the 
sheaths of leaded cables at the middle of the run and inserting 
a limiting resistance in the ground connection, to prevent an 
abnormal flow of current in case of breakdown. 

Such an installation was found would be satisfactory, but in 
the particular case in mind the resistance required would have 
been about 0.3 of an ohm and of large physical dimensions. 
There was no space available in the manholes, for a resistance 
of this size, so the plan was not carried out. 

R. W. Atkinson : The paper by Messrs. Clark and Shank- 
lin contains much of value, as is to be expected from investi¬ 
gators of their standing. It is, therefore, with some hesitation 
that I venture to point out where they have fallen into error in 
making some assumptions and in drawing conclusions from 
their data not borne out by careful investigation. Attention 
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is drawn also to the importance of data already on record con¬ 
cerning matter for which formulas are developed. # . 

From reference to Fig. 16 and Fig. 19, it seems that dissipa¬ 
tion characteristics of duct systems have been given and 
assumed without regard either to the number or kind of cables 
involved. Fig. 16 is given as showing ''representative heating 
characteristics in conduit lines.” For example, in the right 
hand curve, 10 watts per foot of cable is considered to give 57 
deg. cent, rise of temperature above the surrounding soil 
temperature. No distinction is made, as to the size or con¬ 
struction of the cable or its insulation, and no allowance is 
made for the fact that much higher temperature rises are 
found where cables are grouped. It is most unfortunate that 
data should appear in this form with the weight of the authority 

of these authors. _ . 

Furthermore in the application of these data, as given m 
Fig. 19 in the comparison of single-conductor and three- 
conductor cables, conclusions are drawn which are very seri¬ 
ously in error. In Fig. 19, it is stated that a final temperature 
of 82 deg. or a temperature rise of 57 deg., is attained with a 
loss per foot of cable of 10 watts, with either of the two described 
systems. One of these systems consists of three single-con¬ 
ductor cables, the other consists of three three-conductor cables. 
In order to determine the probable error of the assumption that 
the temperature rise of the two would be the same, and would 
be that assumed by the authors, calculation was made from 
our own data, as to the probable temperature rise, basing these 
calculations on fairly average duct conditions, and on fairly 
representative thermal resistivity of the insulating materials. 
On the basis of the relatively small amount of duct rise which 
there would be with only one cable instead of three, I calculate 
that the rise for the three-conductor cable would be 53 deg. and 
for the single-conductor cable 79 deg. With a greater relative 
rise of duct structure, there will be less relative difference 
between the three-conductor and the single-conductor cable, 
but it is immediately obvious that the particular single¬ 
conductor cable will rise to a very much higher temperature for 
the same amount of loss per unit length, than will the three- 
conductor cable. Furthermore, where three cables of either 
type are involved, it seems that the estimate of temperature 
rise for even the three-conductor cable is too low. Thus, the 
rating even for the latter is too high and that for the single¬ 
conductor cable is not only altogether too high, but is out of 
proportion to and not comparable to the rating given for the 
three-conductor cable. 

In the last paragraph, beginning on page 951, it is apparently 
assumed by the authors that where there occurs a loss in the 
sheath equal to 28 per cent of the conductor loss, this can be 
fully compensated by an increase of conductor area of 28 per 
cent. This is erroneous as it will actually require about 39 
per cent more copper, as presently will be explained. This is 
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of comparatively little consequence, but on page 953, reference 
is made to an increase in copper of from 50 per cent to 100 per 
cent for two certain cables. Apparently these are the two 
cables on page 943 where about 50 per cent in one case is the 
increase in loss and about 100 per cent is the increase in loss in 
the other case. Now if there is 50 per cent loss in the sheath, 
that loss in the sheath is not going to be affected by changing 
the size of the conductors. Thus in order to have the same 
total loss as without the sheath loss, the loss in the conductor 
must be reduced by 50 per cent, that is its area increased by 
100 per cent. Where the sheath loss is 100 per cent, the con¬ 
ductor loss would need be reduced to zero. It seems therefore, 
that large sheath losses become prohibitive at much lower 
values than indicated by the authors. The situation is not 
materially different for very small sheath losses, than is indi¬ 
cated by the authors. 

In their sentence at the top of page 937, I believe the authors 
have underestimated the value of previous work that has been 
done, in determining the voltage or current, or loss produced in 
the sheath of single-conductor lead-covered cables. The 
formulas of Berg, which they mention, are approximate as 
said, but do give results which apply fairly well within the 
range considered in the paper now under consideration. 

In 1909, in a paper presented at Frontenac by Mr. Fisher, 
a solution appears which gives results in agreement with the 
formulas developed by the present authors, within a fraction 
of one per cent. Of the two formulas which, are necessary for 
this solution, one is identical with the corresponding formula 
given in the present paper. The other formula is very much 
shorter and simpler than the corresponding formula which is 
now given; in fact, it is as simple as the formula of Berg. The 
simplicity of the older formula is due to the fact that the calcu¬ 
lation is made on mean instead of outside diameter, thus elimi¬ 
nating all that part of formula 6, page 962, contained in the 
bracket following the minus sign. With this omission and 
the substitution of mean for outside diameter formula 6 
becomes identical with the older formula. 

Besides the approximation mentioned by the present authors 
at the bottom of page 959, another approximation was used in 
deriving the older formula, the assumption that the sheath 
could be considered as the equivalent of a thin shell of the same 
resistance and of a diameter equal to the mean diameter of the 
actual sheath. This latter approximation is even closer than 
the other. On the whole there seems no warrant for using the 
long formula on page 962 instead of the older and simpler one. 

Solution of these problems of voltage, or current induced in 
lead sheaths is greatly facilitated by a set of curves presented 
by the writer in the discussion of a paper by Mosman presented 
before the Institute in 1913. 

A very interesting and important commercial application of 
single-conductor cables for carrying alternating current is the 
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use by some operating companies, of two, three, or four such 
cables in a single duct on 2200-volt distribution. Such cables 
are used instead of multi-conductor cables on account of the 
greater facility of splicing while the conductors are alive . 

It is interesting that the losses with any size of conductor usual 
for this construction are of small consequence and do not reduce 
the carrying capacity. That the loss is small is due to the very 
short spacing. Where the spacing is so short, neither the 
formulas given by Messrs. Clark and Shanklin, nor the older 
formulas mentioned above, are strictly applicable.. they do 
serve, however, to show that the losses are comparatively small, 
and actual measurement of these losses confirms this. 

W. A. Del Mar : Referring to the relative carrying capacity 
of round and sector cables, the curves of heat dissipation which 
I showed this morning indicate that the heat resistance from 
the conductor to the sheath of a sector cable is about 10 per 
cent less than that of a round-conductor cable. The heat 
resistance from the conductor to the air is made up of two 
important parts, that from the conductor to the sheath and 

that from the sheath to the air. * , 

Mr. Atkinson, in a previous paper, has shown that the total 
heat resistance of a triplex cable is divided approximately in 
the proportion of two-thirds from conductor to sheath and 
one-third from sheath to air. Suppose we take the heat resis¬ 
tance from conductor to sheath as 66 2 / 3? and from that from 
sheath to air as 3334, a total of 100. If we decrease the heat 
resistance from conductor to sheath 10 per cent, making it 60, 
and if we increase the heat resistance from the sheath to air, by 
about 10 per cent, making it 36 2 / z , which would correspond 
approximately to the lesser diameter of the sector cable, the 
total heat resistance would be reduced to about 96 2 / 3 per 
cent. Now the current causing a given temperature rise is 
inversely as the square root of the heat resistance, so that a 
simple calculation shows that a sector cable of the type des¬ 
cribed will have a carrying capacity of something like one to 
two per cent greater than that of a round-conductor cable. 

Substantially, they are equal. ' 

E. B. JVIeyer : The paper by Messrs. Clark and Shanklm 

on high-voltage single-conductor cables for polyphase installa¬ 
tions is a step in the right direction toward solving the problem 
of underground cable construction, where the transmission of 
large blocks of power at high voltage is under consideration. 

The use of three-conductor cable as pointed out by the au¬ 
thors seems to be limited to about 30,000 volts on account of 
the properties of the insulating material and the unwieldy size 
of the cable itself. 

Three-conductor cables as at present manufactured are 
limited in capacity to about 12,000 kv-a. and if the operating 
voltage is to be increased materially, the use of single-conductor 
cables appears to be the readiest solution unless some radical 
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improvement in three-conductor cable construction can be 
effected. 

On the other hand, opinion as to the desirability of concen¬ 
trating heavy loads in a few large cables, is by no means 
unanimous and as I have some doubt as to the safety of such a 
course, I would be glad to hear some discussion on this point. 

The question with which most central station companies are 
interested at this time is the problem of reducing failures in 
underground cables, as with the increase in capacity and exten¬ 
sion of electrical systems, disturbances are more destructive, 
and it will be interesting to know whether by the use of single¬ 
conductor cable the maintenance cost per mile of circuit will 
be materially reduced. 

I question whether the maintenance cost of a single-conductor 
installation would be as low as that of a three-conductor 
installation. 

Probably the most serious objection to the single-conductor 
installation would-be the necessity of splitting up the cable 
sheath into sections and installing grounded bonds. This 
would introduce troublesome complications and would prob¬ 
ably add materially to the cost of cable maintenance. 

I am heartily in sympathy with the authors comments 
regarding the methods of determining the maximum safe 
loading of a cable system. It appears that the strictly logical 
way to arrive at the proper loading of any cable is to determine 
by actual temperature survey what may be called the constants 
of each main duct line. With this information available the 
rating of cables based on maximum allowable operating tem¬ 
peratures is comparatively simple. 

A large amount of data is gathered each year by operating 
companies relating to temperature rises of conduit systems 
under different conditions of installation and it would be of 
extreme value to the industry as a whole for such data to be 
made generally available. It is only in this way that the rule- 
of-thumb methods of rating cables can be discarded for a, more 
logical method based on an accurate knowledge of conditions. 

In Mr. Atkinson's paper on the dielectric field in three- 
conductor cables, I am pleased to note the author's statement 
that the maximum stress in sector cable is lower than for a 
corresponding round-conductor cable, the stress in the outer 
surface next to the sheath being in all cases much less than for 
round conductor. This seems to offset the erroneous theory 
which has been advanced by a number of engineers that sector 
cable is not desirable for transmission at voltages above 15,000. 

It is to be regretted that time did not permit the author to 
include the subject of dielectric losses in three-phase cables, as 
this subject is a very live one at the present time. It is known 
that the magnitude of these losses and their variation with 
temperature has a very marked effect on the operating charac¬ 
teristics of the life of a cable. This subject is a most vital one 
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and is receiving considerable attention by a number of central 
station engineers and while it appears that no. fixed rules can be 
formulated at present, it is desirable that this subject be given 

careful consideration. ‘ 

. G. B. Shanklin: Mr. Del Mar’s discussion of our paper is 
much to the point. I am in full accord with the sentiment 
expressed in his belief that future development will re smt m 
raising the voltage limit for multi-conductor, cable possibly as 
high as 40,000 volts. This goal may ultimately.be reached, but 
it is a development that must be approached with caution, it 
is one of those developments whose factor of safety cannot be 
even approximately determined until it is actually tried out 
under operating conditions, at least with the knowledge we 

have at present. _ . ,. ,. 

For some time past our laboratory has been investigating 

dielectric losses in three-conductor cable, hoping to throw some 
light on the causes of the excess loss and deterioration m the 
central triangle of the cross section, a factor that plays a big 
part in limiting the voltage rating of this type of cable. Uur 
work has consisted mainly of comparing actually me .^ u ^ e *r 
8 cj> losses with those calculated from measurements with 1 <p 
voltage. These measurements were made on cables whose 
cross section were at uniform temperature. Now, the only 
difference between 3 <fr and 1 stresses occurs m the central 
triangle and if the loss in this section was an appreciable part 
of the total then it would be expected that the 3 <j> readings 
would give higher values than the 1 calculations. We haye 
tested cable from the very best grades to those so poor m 
quality that they could hardly be classed as insulated cable but 
we have never found any difference between the measured and 
calculated 3 </> losses, provided the temperature conditions were 

exactly the same. , in ,, 

I have come to the conclusion that the generally accepted 

view of an inherent excess 3 cp loss in this central triangle is, m 
the sense as usually interpreted, not strictly true. I he 
deterioration of this section under actual operating conditions 
is found only infrequently and in extremely poor grades ol 
cable. This leads me to believe that it is primarily caused by 
an accumulative heating action that renders the central triangle 
much hotter than the rest of the cross section, and that without 
this accumulative heating action there is no more deterioration 
in the central triangle than in the rest of the cross section. 

With the cross section at uniform temperature we have never 
found any indication of ionization starting in^ the. central 
triangle at a voltage lower than that required to start it at the 
surface of the conductors, where the stress is greatest, it is 
probable that when the central triangle becomes excessively 
hot there is a tendency for the stresses to re-distribute them¬ 
selves, and in doing so to concentrate at certain points, causing, 
ionization at a lower voltage than otherwise. This, of course 
would cause deterioration but it should be classed as an effect 
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of the accumulative heating mentioned above and not as a 
cause. 

It is consideration of these factors that encourages me to 
believe that higher voltage ratings of three-conductor cable 
will ultimately be reached. The main requirement will be the 
lowest possible dielectric losses, generally throughout the cable 
cross section, but particularly in the central triangle. The 
fact remains, though, that we are rapidly approaching the upper 
limit of voltage rating for three-conductor cable. Whether the 
final goal will be 35, 40 or even 45 kv. we must if we wish to go 
beyond this goal resort to single-conductor cable. 

Messrs. Fisher, Del Mar, Atkins on and several other gentlemen 
have criticized the limiting stress of 19.5 kv. per cm. recom¬ 
mended in our paper. I will confess full responsibility for this 
recommendation. Mr. Clark has always been skeptical of this 
limit and agreed to its inclusion in the paper more for the sake 
of having a target to be shot at than anything else. He thinks 
it ultra-conservative in view of the fact that three-conductor 
cables have in some cases operated satisfactorily for years at 
maximum stresses as high as 28 kv. per cm. 

Different types and makes of cable, like all other apparatus, 
h&ve their own individual merits and peculiarities. It was a 
mistake, perhaps, to select an arbitrary value of maximum 
stress and I feel that an explanation is due. In the first place, 
it was not proposed for general application and I think it was 
made clear in the Institute paper, “Ionization of Occluded 
Gases in High-Tension Insulation,” page 489, that it repre¬ 
sented a minimum value. 

We have tested many types of cable and have found that 
their limiting safe stress as far as ionization is concerned, has 
varied from 10 to 40 kv. per cm. The reasons for selecting 
19.5 kv. per cm. (which is only an average of the range from 19 
to 20 kv. per cm., as first recommended) were: 

a. A start had to be made some where. It is difficult to form 
a judgment of performance without some criterion or basis to 
estimate from. 

b. As far as we could judge our data seemed to indicate 
19.5 kv. per cm. as a fairly good dividing line between accept¬ 
able and unacceptable grades of paper cable, that a cable 
showing ionization at an appreciably lower stress than this 
could hardly be considered as satisfactory. 

# c. When a cable is highly stressed we have not only ioniza¬ 
tion to consider but also high dielectric losses with consequent 
reduction in safe current carrying capacity and greater possi¬ 
bility of accumulative heating at “hot spots.” This is'the 
more pronounced the higher the voltage rating and certainly 
when we approach 40-kv. ratings we must pay more attention 
to this factor than we have in the past. Quite often it will be 
found more economical to operate a high-tension cable at a 
stress of, say, 19.5 kv. per cm. than at 28 kv. per cm. because 



1034 


HIGH-TENSION CABLES 


[June 27 


of the greater 

the thickness of msulataon is ^ Obviously, the econom- 

dissipation introduces . -j copper'losses, heat dis- 

ical balance between dielectric of i on i za tion will 

sipating ability of the c > ation the thermal conditions 
b f th JducUinVid^he relative costs of the materials used m 
the cable. No - m?*R^ eV^hif criticism d sectionalized 

that it would, /‘be a little awkward[ tor someo, Throughout 

transient conditions, such ^fai t ^ short-circuited 

sectionalized sheath- 

tog It is.quite difficult ,to »the 

is“e S aTSticrffeJ - pa f o^oHi, 

ggri v^dK& ad 1 wilfattSpt to answer a 

few of the ™ a ™ ^ U a e s S ' showing representative heating charac- 
Fig. 16 is given as snowing £ does not think Fig. 16 

teristiesin eonduiittoej^^distinction is made as to the 

is representative and says in ^ insulation , and no 
size or construction °f ^he mucli higher temperature 

allowance J n^de lor the tet d h W he We J&fosdy 

rises are found where caD ® detailed discussion ol 

avoided, for the sake of S ™P y- ^ simp iy assumed the 
the theory of heating m duct sy , V particular 

thernial condom* »$thtd ^ 16 held ffirou P 

Lws, faWentgme would 

m the average duct system. . .. ^ad represented 

m ^The°m'eater e part 1 of S Mr. Atkinson’s discussion is a detailed 

SS“tions are at uniform temperature, that is.the,copper 

Sd lead, sheath are at ‘cSert ?Slts on™Sl%t t 

assumption eves The cable takes up only a 

Sail part of the total temperature drop, tn water-cooled or 



1919] 


DISCUSSION AT NEW YORK 


1035 


forced air-cooled duct systems or with buried cable it would 
not, of course, apply very well but in the ordinary still-air duct 
systems, and especially at “hot spots” where poor heat con¬ 
ductivity of the soil is encountered, it applies much better. 

I am sure that our assumptions have not led to any such 
grave errors as Mr. Atkinson’s discussion would seem to indi¬ 
cate. For instance, he states in reference to Fig. 19 and cab 
(a) and (c), “assuming a lo'ss of 10 watts per duct foot for each 
of these two cables and fairly average duct conditions, I 
calculate that the rise for the three-conductor cable (a) would 
be 53 deg. cent, and for the single conductor cable (c) 79 deg. 

Now, let us see if his calculations are correct. Instead of 
assuming “fairly average duct conditions let us assume that 
the total temperature drop is between copper and lead sheatn, 
as would be the case if the cables were immersed m water. For 
the same heat dissipation the temperature drops of the two 
cables will be inversely proportional to their thermal conduct¬ 
ances between copper and sheath. The thermal conductances 
are directly proportional to the electrostatic capacities so we 
need only to find the ratio between their electrostatic capacities. 
This is easily obtained from Formula 6 (bearing m mind that the 
total capacity between copper and sheath is 3 CM,, and toe 
ordinary formula for concentric cylinders. The ratio found m 

this way is; 

t hermal conductance of cable (a) _ ^ 40 

thermal conductance of cable (c) 

In other words, the three-conductor cable has 40 per cent 
better heat conductance. With the cables immersed m water 
and dissipating equal quantities of heat let us assume the drop 
through the three-conductor cable as 53 deg. cent The drop 
through the single-conductor cable will be, 53 X 1.4 — <4.4 
deg. cent. This agrees so closely with Mr. Atkinson s value of 
79 deg. cent, that it shows the fallacy of his assumption of 

“fairly average duct conditions.” * 

Under average still-air duct conditions the drop from copper 
to sheath can be roughly assumed as 20 per cent of the tota 
drop. Then, if the total drop of cable (a) is 53 deg. cent the 
drop between copper and sheath is 10.6 deg. ce:nt. With cable 
(c) m a similar duct and dissipating an equal quantity of heat 
the total drop will be 57 deg. cent, and the drop between copper 
and sheath 14.6 deg. cent. The difference is only 4 deg. cent, 
and our assumptions, therefore, hold reasonably well. 

Messrs. Torchio and Meyer both express the same thought 
in a different way in their comparison of the merits of smgle- 
and three-conductor cable. It is true that m the case of smge- 
conductor cables the failure of one cable throws three times the 
carrying capacity out of commission than m the case of equival- 
eiSTthree-eonductor cables. It is partly lor this reason tot 
single-conductor cable shows promise of the greatest usefulness 
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only where there are such large blocks of power to betrans- 
niitted th&t the temporary loss of three cables instead of on 

R. W. Atkinson: This use of paper filler instead of jute has 
been mentioned. This, however, can only partly overcome the 
weakness of that portion of the ordinary three-conductor cable 
which is occupied by such filler. This is because paper is 
better than jute to an important extent only for stresses nor¬ 
mal or nearly normal to the surface of the paper. Most 
paper of the filler will be subject fortresses tangent or nearly 
tangent to its surface, and thus the important weakness of 

jute filler is also shared by the paper filler. 

Mr. Del Mar takes exception to the statement concerning 
the proportionality between charging current (jolt-amperes) 
and dielectric loss. It is worthy of special comment th 
proportionality exists only where the dielectrics are actually 
identical in properties. There may exist wide variations of the 
dielectric properties though the same grade of paper is 
rated with compound of the same ingredients. It should 
further be noted that such a dielectric as paper W1 H ^ 
different properties according as to whether the stress is per¬ 
pendicular or parallel to the direction of the layers. 

Also if the stresses in any specimen are beyond the range 
where the losses vary as the square of the voltage, then as 
indicated by Mr. Del Mar, that specimen cannot be compared 
directly with another specimen having lower stresses. 

Study of the effect of these factors is facilitated by the data 
reported in the paper of the author. That is, effects of. ch g 
of shape and dimensions may be differentiated from effects of 

differences in the properties of the material. _ _ 

Mr. Roper has described an exceedingly interesting and 
important viewpoint concerning emergency overloading ot 
cables. I refer ;o the fact that his company has never yet 
pulled a switch on a line because of overload. His arguments 
against doing that particular thing are very forceful and it may 
be recognized that the operating engineers have a real problem 

to solve to take care of such emergencies. 

I wish to point out however that unless some provision is 
made, high-tension cables, as compared with most other 
electrical apparatus, are made to occupy an extremely hazard¬ 
ous position. Thus, a generator (or the turbme which runs i it) 
sets for itself a very definite limitation of load which cannot be 
exceeded. To some extent most other apparatus does this m 
one way or another. Thus the low-tension cable does so y 
voltage drop; or its short-time overload capacity may be 
greater than that of its switches, unless these are very liberally 
rated. But a high-tension cable with very low dielectric losses 
will have ho limitation short of destruction of the cable. 1 bus, 
if the policy be carried to the limit, we have, to use Mr. Roper s 
simile, a case of firing a boiler without a safety valve and with 
no regard to the steam gauge. _ 
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PROBLEMS OF 220-KV. POWER TRANSMISSION 


BY a. e: silver 


Abstract of Paper 

The dependence of industrial progress upon an adequate 
supply of electrical power, together with the vital need for a 
rational policy of conservation of the country’s fuel resources, 
points to a probable early demand for transmission of large 
blocks of power from distant energy sources—coal fields and 
water powers. Two hundred and twenty kv. is suggested as a log¬ 
ical voltage for such high-capacity, long-distance transmission, 
and the important problems introduced by large concentrations 
of power, high voltage and high service standards are discussed. 
The economic and technical considerations underlying design 
of a 220-kv. system are outlined, and general designs are devel¬ 
oped for a typical 220-kv. transmission line. 

The studies made establish confidence in the conclusion that 
220-kv. transmission is feasible as an immediate commercial prop¬ 
osition. Established principles of design and present types of 
equipment, with proper adaptation to the new conditions, are 
applicable to 220-kv. service. While all essential problems seem 
assured of acceptable solution, attention is directed to certain 
points as to which further investigation and experimental re¬ 
search are needed to determine most effective designs. 

It is hoped that the paper may in some measure aid in the work¬ 
ing out of this advance in the art by promoting constructive 
discussion and stimulating the needed investigations. 


Introductory 

E CONOMIC development of the country's power resources 
is fundamental to the industrial progress of our national 
life. The growing recognition by our economists, engineers 
and industrial leaders, and even by the public, of the signifi¬ 
cance of the power supply problem must soon result in an 
insistent demand upon the engineering profession for large and 
bold strides in the solution of the attendant engineering prob¬ 
lems. 

The vital dependence of industrial advancement upon an 
adequate power supply has been strikingly illustrated in our 
struggles to meet the industrial demands of the war emergency. 
The experiences of this trying period have resulted, also in a 
quickened understanding of the need for conservation of our 
natural power resources. The labor and commodity situation 
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accentuates the demand for greater unit productiveness, 
possible only through greater use of power in industrial opera¬ 
tions, and for prompt progress toward broadly economical 
methods of power supply. A major step toward conservation 
of fuel resources and general commercial economy is recognized 
to lie in gradual substitution of electric transmission of energy 
for railroad transportation of fuel to be used in local generation 
of power. Interconnection of electric power systems, both 
prior to and during the war, has demonstrated the marked 
benefits obtainable by taking advantage of diversity of loads 
and other attendant economies and the well established move¬ 
ment toward general and extensive interconnection is still 
gathering headway. The relation of the railroad elect ification 
problem to fuel conservation is well recognized and for years 
has been consistently expounded by able engineers. 

These influences lead directly toward large scale develop¬ 
ment, at the source, of our natural energy reservoirs, the coal 
fields and the potential water powers. An essential feature of 
such development will be the transmission electrically of great 
blocks of power, over increasingly great distances, to strategic 
centers of distribution in or near present and future industrial 
districts. This trend of the power industry has long been 
recognized, and important steps toward its realization are a 
certain and not distant eventuality. Further elaboration of 
the subject is unnecessary to the purposes of this paper. 

The Field foe 220-kv. Power Transmission 

Visualization of the demands of this evolution points to the 
need of trunk electric transmission service of a capacity and 
range of greater magnitude than thus far developed or required. 
Increasing distances and increasing quantities of power require 
an increasing voltage for economic transmission. The quanti¬ 
ties and distances involved in the broad field outlined in the 
preceding paragraph pass beyond the economic range of existing 
transmission voltages. The practical working out of this next 
step in the transmission art is a problem now definitely facing 
the engineer and manufacturer. 

Scarcely more than ten years ago an operating voltage of 
100 kv. was remarkable; today 130 kv. may be considered 
standardized and 150 kv. is in sufficiently extensive use to 
have established its reliability. 

Two hundred and twenty kv. appears a logical choice for the 
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next step in the transmission voltage schedule. Why 220 kv., 
it may be asked? Because, from an appraisal of the general 
situation, a voltage of this order is considered adequate for the 
immediately pending needs of the industry and commensurate 
with expected growth in transmission service demands for a 
considerable period. Its suitability to a variety of conditions 
and the probable extent of its use would assure it a place in the 
schedule of transmission voltages which commercial needs are 
rapidly standardizing. Furthermore, such a voltage, while 
representing a step beyond present usage sufficient to afford a 
distinct economic advantage, does not reach so far into unin¬ 
vestigated fields but that the problems of development and 
design can be approached with full confidence of early com¬ 
mercial solution. 

The particular numerical value of 220,000 is in accord with 
the well established practise of standardization in multiples of 
11,000. In some instances, it may be an incidental con¬ 
venience that this voltage is the double of the extensively used 
110 kv. 

An illustration of the advantage for long transmission dis¬ 
tances of 220 kv. over the highest present system voltage, 150 
kv., is given in Figs. 1 and 2. This comparison is based upon 
a transmitted load of 500,000 kw. The same relative advan¬ 
tages will obtain for larger loads, and, above a certain minimum, 
for smaller loads. 

The field of 220 kv. is not broad. Its economic application 
is primarily to large blocks of power and long transmission 
distances. It is in no sense a panacea for transmission prob¬ 
lems generally. It presumably will infringe to some extent 
upon the present fields of the lower transmission voltages, but 
will by no means tend to supersede their use, in fact it will 
considerably enlarge the field of usefulness of such secondary 
transmission voltages as 66 kv. and 110 kv. It is not a uni¬ 
versally suitable medium for extensive interconnection of 
power systems. 

Power from steam-electric stations in the coal fields or from 
large hydroelectric stations would advantageously be trans¬ 
mitted over 220-kv. lines to terminal substations at important 
load centers or at the hubs of secondary transmission networks 
serving industrial areas. The introduction of transmitted 
power, in amounts limited only by the load demands, will 
constitute a strong stimulus to expansion of these networks. 
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Power equalization between load centers might frequently best 
be accomplished through extension of these secondary trans¬ 
mission lines. Interconnection at 220 kv. would be expected 
only where the equalizing duty reaches a large magnitude, 
where there is no existing secondary transmission system 
suitable to serve as a basis for inter-connecting lines, or where 
interconnecting 220-kv. lines might function also as a supple¬ 
mentary or important reserve link in a main 220-kv. trunk 
transmission system. 
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LENGTH OF TRANS MISSION LINE-MILES 

Fig. 1 —Economic Comparison op 154- kv. and 220-kv. Transmis¬ 
sion—Construction Cost—Seven Lines 154 kv. and Four Lines 
220 kv.— 500,000 kw. Delivered 

Costs include those of lines, step-up and step-down substations and synchronous con- 
diQiissrs 

Costs of line per mile 154 kv. $20,000/220 kv. $23,500—all costs based on early 1919 

prices. - 

Size of conductor 92,900 cm. steel—716,000 cm. aluminum. , 

Voltages high side of transformers, receiver end 150 kv. and 200 kv., sending end 170 kv. 
and 225 kv. 


To a marked extent, and especially in the earlier stages of 
its introduction, power transmitted at 220 kv. will be high 
load-factor power. The initial investment in a 220-kv. system, 
including as essential elements the step-up and step-down 
stations, will be of such magnitude that there will be a strong 
inducement to utilize the investment as nearly continuously as 
practicable, thus reducing the unit transmission cost of energy 
supplied. The natural economic tendency in introducing 
power transmitted from distant energy sources will be to 
supply base load, leaving the peak loads to existing local 
generating stations. It is to be expected that high-voltage 
transmission from energy sources, fundamentally economic as 
it is believed to be, will in general for years contribute only a 
part of the power supply of any district. The relegation of 
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existing stations to partial operation or reserve service will be 
gradual, and, even when transmitted power becomes the main 
reliance, presumably it will usually prove more economical to 
maintain local stations for reserve and short peak load service 
than to provide necessarily expensive transmission capacity 
for such short periods of actual use. 



Fig. 2 —Economic Comparison of 154-kv. and 220-kv. Transmis¬ 


sion—Fixed Charges and Operating Costs—Seven Lines 154 kv. 
and Four Lines 220 kv.— 500,000 kw. Delivered 


Costs and losses include those of lines, step-up and step-down substations and syn- 
chronous condGiisGirs 

Costs of line per mile, 154 kv. $20,000, 220 kv. $23,500—all costs based on early 1919 


Size of conductor 92,900 cm. steel—716,000 cm. aluminum. 

Losses based on 0.95 load factor and 0.85 power factor delivered load. 

Cost of energy 5 mils per kilowatt-hour. . . . . . 

Fixed charges and operating expenses of transmission lines 13 per cent, substations to 


cent* ..." ^ 

Voltages high side of transformers, receiver end 150 kv. and 200 kv., sending end. 170 kv. 

and 225 kv. 


A characteristic of the field of 220-kv. transmission which 
exercises a determining influence upon designs and costs is that 
it is a field of high service standards. A 220-kv. system, with 
the generating stations for which it would be the outlet, would 
represent a tremendous amount of power. The economic 
importance of reliability and continuity of this power, in view 
of the great volume of industrial enterprises and public utilities 
which would be dependent upon it, is of so high an order that 
new standards of care in design and conservatism in construction 
are imposed. The aim, and a not unrealizable aim, is to make 
high-voltage, large-capacity transmission for all practical pur¬ 
poses equal in dependability to local generation of power. 





1042 


SILVER: POWER TRANSMISSION 


[June 27 


Scope of Paper 

Based upon such a conception of the field of 220-kv. trans¬ 
mission, it is the aim of this paper to carry through an analysis 
of a typical transmission problem, sufficiently specific as to 
assumptions to afford a basis of designs, but not limited to any 
exact geographical location. Conditions underlying designs 
are analyzed, certain salient features of the design of lines and 
apparatus are discussed, proposed types of construction are 
considered and an effort is made to point out the problems of 
the designer and. the manufacturer, particularly in those 
applications where there is apparent need of more thorough 
investigation and research before particularized conclusions 
can be drawn with confidence. It is not intended that the 
paper be in any sense exhaustive as to completeness of conclu¬ 
sions or solution of details of the problem, which for any specific 
case will involve extensive and thorough studies and investiga¬ 
tions based upon specific load characteristics, geographical 
conditions and other basic considerations. 

The studies have been guided by the desire that any recom¬ 
mendations should be capable of prompt commercial execution. 
In other words, it has been the aim to outline a type of con¬ 
struction built up essentially of established factory products in 
such way as to insure initially successful results. At the same 
time an attempt has been made to point out the short-comings 
which must be tolerated and the apparent opportunities for 
more efficient solutions. 

It is the desire and hope that this tentative development of 
the problem in outline will afford a basis and incentive for full 
and constructive discussion by those interested in the advance¬ 
ment of the art of power transmission. It is hoped also that it 
may encourage designing engineers and manufacturers to 
undertake needed investigations into insufficiently explored 
fields as the foundation for developing designs for suitably 
improved apparatus and line materials. There would seem 
to be promising opportunities for distinct and beneficial de¬ 
partures from prevailing practises. 

Design Features of 220-kv. Transmission Lines 

General Assumptions. Before considering the specific de¬ 
signs which are suggested for 220-kv. transmission lines, a brief 
statement will be made of the basic underlying assumptions as 
to loads to be transmitted, as to-frequency and type of system 
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to be adopted and as to climatic loadings and corona conditions 
to be assumed. . 

As to amount of load to be transmitted, it is assumed that 
even an initial 220-kv. system would be laid out on a basis of 
two or more main generating stations connected to load centers 
by a number of circuits. The load per 220-kv. circuit has been 
assumed to be from 100,000 kw. to 125,000 kw. A lower load 
per circuit than 100,000 kw. would entail a considerable 
sacrifice of the economy obtainable through use of 220 kv. No 
discussion is offered as to the maximum economic load per 
220 kv. circuit, i. e., as to the point above which additional 
circuits should be provided, since in any initial system the 
number of circuits would be determined from considerations 
rather of reliability insurance or load distribution than of 
maximum inherent economy. Where the studies involve a 
specific transmission distance, 250 miles has been assumed for 
purposes of illustration. The economic range of 220 kv. as to 
distance is very large. 

The frequency of a 220-kv. trunk transmission system should 
be 60 cycles. For a general power distribution system furnish¬ 
ing lighting and power service in cities and industrial centers, 
the superiority of 60 cycles over 25 cycles has been well estab¬ 
lished, and for a transmission system delivering power to such 
a distribution system, the decision as to frequency unquestion¬ 
ably must follow the requirements of the load. In some 
districts, for which 220-kv. transmission may come up for 
consideration, it presumably will be found that both 60 cycles 
and 25 cycles are in use, possibly that 25 cycles in amount of 
load is still predominant. Even in these cases, however, the 
tendency in new development will be found away from 25 
cycles, and it would be serious economic error to compromise 
so important an undertaking as a 220-kv. transmission system 
with a frequency approaching obsolescence. 

High-capacity long-distance transmission will inevitably 
play a significant part in electrification of main line railroads. 
In instances where alternating-current electrification is an 
important factor in a project, there may be greater seeming 
inducements in favor of 25 cycles, but even in such cases, it is 
believed that consideration of the general and industrial por¬ 
tions of the load, of the probable tendency Of future growth 
and of the trend toward wide-spread interconnection will lead 
to a decision for 60 cycles. 
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From the standpoint of line performance alone, use of the 
lower frequency would afford better conditions of voltage 
regulation, but with synchronous condensers, which must be 
regarded as an integral part of a modern high capacity trans¬ 
mission system, the problem of satisfactory regulation at the 
higher frequency is not serious. Incidental considerations, 
none of them relatively important, are greater cost of 25-cycle 
equipment, lower reactance of a 25-cycle system and hence, 
heavier circuit breaker duty, and lower corona loss for 25 cycles. 

The step to 220 kv. will by no means be the ultimate develop¬ 
ment in power transmission. Eventually a demand may be 
expected for transmission capacities and distances beyond the 
economic range of this voltage, and the advance then to be 
evolved may conceivably abandon 60 cycles for some very low 
frequency, for direct current or for some other revolutionary 
change in the transmission art.. Such remote eventualities, 
however, do not affect the considerations governing the step to 

220 kv. _ _ 

Transformer connections, at all installations, should be 

grounded Y for the 220-kv. windings. The question of Y vs. 
delta connections has in the past evoked considerable discussion 
for each new undertaking, whatever the specific requirements 
of the system, and debate may arise in connection with pro¬ 
jected 220-kv. transmission. Modern thought and experience 
shows a consistent tendency toward the use of grounded Y 
connections over the whole range of higher voltages. For a 
220-kv. system, in addition to a distinct gain in dependability 
of operation, the requirements for line and equipment insula¬ 
tion, with their attendant effect upon the size and cost of 
equipment, particularly transformers, gives the grounded Y 

arrangement a marked advantage. 

The simultaneous conditions of maximum climatic conductor 
loading used as a basis for line design have been assumed as 

follows * 

a. Wind pressure of 8 lb. per sq. ft. of projected area, cor¬ 
responding to an indicated wind velocity of 72 mi. per hr.; 

b. Ice of l l A inches radial thickness on all wires; 

c. Temperature of 0 deg. fahr. 

For checking clearances of conductors a maximum temperature 

of 120 deg. fahr. has been assumed.. 

These loadings are, of course, far in excess of those used as a 
basis for ordinary transmission line design. It is not believed 



1919] SILVER: POWER TRANSMISSION 1045 

that there is any reasonable likelihood of the line being sub¬ 
jected to such a simultaneous combination of conditions. 
From the standpoint of vertical tower loads; there is a real 
possibility of occasional ice loadings as heavy as or even heavier 
than assumed, and accordingly a reasonable margin of excess 
vertical strength is called for. Justification for these appar¬ 
ently extreme loading assumptions is found in the high service 
standards which, as noted, must in general apply in 220-kv. 
service. In view of the economic importance of continuity of 
service, it is considered that this basis is not unreasonable for 
a region where severe climatic conditions obtain, and in particu¬ 
lar where heavy sleet is to be expected. Where climatic condi¬ 
tions are more mild, a lighter loading basis should naturally be 
assumed. In the planning of any particular project, this 
question of assumptions as to line loading, and the underlying 
economic conditions, should receive most careful consideration. 

Corona formation and corona loss enter as a significant factor 
in the design of transmission lines at this high voltage. The 
conditions assumed for this study are: 

a. Average elevation, 1000 ft. (normal barometer 28.9 in); 

b. “Storm factor”, or percentage of time during which 
conductors would be subject to increased corona losses due to 
rain, snow, sleet or fog, 12.5 per cent; 

c. Conditions during “storm” periods, 28.4 in. barometer, 
average temperature 55 deg. fahr. 

Corona conditions likewise will require special study for each 
particular installation, particularly the matter of “storm 
factor.” The ordinary source of data will be Weather Bureau 
records. The published reports, however, while complete as 
to amount of precipitation and number of days of which pre¬ 
cipitation occurs, do not give in summarized form the actual 
duration of storm conditions. A reasonably correct value of 
the factor for any district may be obtained from study, extend¬ 
ing over a considerable period, of the original records of individ¬ 
ual storms at several stations in the district. The dividing 
line between “storm” and “fair” conditions is, of course, not 
clearly defined, and hence preciseness of results is difficult to 
attain. 

Conductor Materials and Types. Apparently the choice of 
conductor materials and types for 220 kv. service is limited, at 
least from the standpoint of immediate availability, to three 
alternatives. 
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1. Aluminum with steel core. 

2. Copper with steel core. 

3. All copper. 

Aluminum without steel core does not possess sufficient 
mechanical strength for use on the span lengths in current use 
for high-voltage transmission. From the standpoint of 
mechanical strength, copper may be used either with or without 
steel core. A copper cable with a core of some other type than 
steel strand is a possibility; hemp cores have been used, but 
experience, while inconclusive, appears to indicate that there 
may be injurious chemical action; a semi-hollow copper cable 
with internal spacers of wood or metal has been suggested, but 
its feasibility has not been demonstrated and there seem to be 
no real benefits. Such a dead weight' ‘filler’ ’ decreases the effec¬ 
tive strength of the cable. 

As to the satisfactory performance of steel cored cables, there 
appears to be but one point open to question; i. e., possible 
electrolytic action between the galvanizing coat of the steel 
and the main conductors. Composite aluminum cables have 
been coming into increasing use during recent years, and from 
the experience gained, there is growing assurance of freedom 
from electrolytic action which would materially impair the 
durability of the cable. Aluminum and zinc are not far 
separated in the electro-chemical series, and aluminum is 
electro-positive to the zinc, so that there is less reason for 
anticipating trouble. There has been less experience with 
copper cable with galvanized steel core, but theoretically the 
conditions are somewhat less favorable, since copper is farther 
separated from and electro-negative with respect to zinc. It 
may be noted, however, that no injurious action has been 
observed in the extensive use of galvanized fittings with copper 
cable. Further experience with such composite copper cables 
is awaited with interest. In case injurious electrolytic action 
is established with galvanized cores, there appear to be a 
number of possible remedies, such as the use of copper plated 
steel cores. A sufficiently heavy copper plating would, how¬ 
ever, be more expensive than galvanizing. 

In general, for equal conductivity, the l'elative physical 
advantages of the three types of conductors may be summarized 

as follows. Certain features noted will later be discussed in 
more detail. 
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with conductors separated 20 ft. Proper allowance has been 
made for the unbalanced disruptive critical voltages due to 
this horizontal configuration. The conductor irregularity 
factor, taking into account the effect of weathering of the con¬ 
ductor with age and the irregular surface resulting from strand¬ 
ing, has been assumed as 0.87. 

In Table I are shown, for a number of conductor sizes, the 
fair weather and storm disruptive critical voltages and the 
total corona loss for 250 miles of circuit. Corona losses for 



Fig. 3—220-kv. Corona Power Loss for 250-Mile Circuit (See 
Table I for Explanatory Data) 

Generating Voltage Held Constant at 230 kv. 

various load factors are shown graphically in Fig. 3. In deter¬ 
mining the values of line voltage to be used in corona calcula¬ 
tions, effective r. m. s. values of load were obtained from 
hypothetical daily load curves prepared for various load factors, 
and the mean voltages corresponding were determined from 
typical line regulation curves (Figs. 4, 5 and 6). It is believed 
that this method of analysis affords a reasonably and sufficiently 
accurate estimate of corona losses. 

The electrical characteristics of composite cables, other than 
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as regards corona, are somewhat more complicated of analysis 
than for a cable of homogeneous material, particularly as to 
the effects of the steel core on the internal inductance and 
effective resistance of the conductor. In the preparation of 
these studies, access has been had to data from certain experi- 
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Fig. 4 220-kv. Transmission Line Characteristics—Relations 
Between ev,, kv., p. f., and Condenser kv-a.—Conductor—716 000 
cm. Aluminum—92,900 cm. Steel ’ 
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ments recently conducted in regard to these effects Tt i<s 
understood that the investors who have been e^n J olt 

deM “J’. 6 ™ 611 * 8 anticipate presenting their findings in some 
detail to the engineering profession at an early date. It mav 

e stated that this investigation indicates that in the practical 
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i of inductance and resistance formulas and calcula- 
•ansmission line studies, the effect of the steel core 
glected. 

ect assumes appreciable proportions for the large 
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The operating characteristics of a 220-kv., 250-mile line are 
illustrated by Figs. 4, 5, and 6, which show for an aluminum- 
steel, a copper-steel and an all-copper conductor the relations 
between power transmitted, generator, receiver and line volt- 
ages, power factor, condenser load and resistance losses. 
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Fig. 6 220-kv. Transmission Line Characteristics—Relation 
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Necessary explanatory details are shown in tabulations accom¬ 
panying the curves. These studies show that effective voltage 
regulation of such long distance, high capacity lines may be 

obtained by means of large, but not impracticable, synchronous 
condenser installations. 


RECEIVER KILOVOLTS 




1919] 


SILVER: POWER TRANSMISSION 


1053 


A study of the relative economy of various sizes and types of 
conductors is shown in Fig. 7, with accompanying explanatory 
data in Table II. This study shows, for a.load of 100,000 kw. 
per circuit delivered at 0.75 power factor and at load factors of 
60 per cent, 75 per cent and 90 per cent, that the combined 
annual costs of such items of the transmission system as would 
be materially affected by the size and type of the conductor, 
l e., interest, taxes and amortization charges on cost of conduc¬ 
tor, annual value of lost power on the line due to resistance and 
corona and of power absorbed by transformers and condensers. 
The curve falling lowest on the scale, at any number of years 
which may be assumed as the life of the line, represents the 
most economical of the conductors considered. 

This curve is presented merely as an example of the general 
method followed in studying conductor economy. It does not 
represent the degree of refinement which would be warranted 
in making final determination of the economical conductor for 
an actual 220-kv. installation. Other items for which allow¬ 
ance should be made in such a study are the effect of conductor 
size and type upon cost of line structures and insulators, and 
the possible scrap value of the conductor. Amortization should 
preferably be calculated by the annuity or ‘-sinking fund” 
method rather than by the simpler straight line method. It 
should be noted, however, that these additional refinements 
tend in some respects to offset one another, a feature which 
gives added justification for their omission from a preliminary 
study. Obviously, in any case great refinement in the technical 
assumptions is not called for until reasonably close values can 
be assigned to cost of conductor materials, for which the market 
will presumably be unstable for some time to come, to the 
equivalent costs of the power losses, and to the percentages to 
be employed for return on investment, taxes, etc. 

For the purpose of developing the line designs which will be 
presented later, a cable was chosen consisting of 716,000 cir. 
mils of aluminum (54 strands of 0.1151-inch diameter) and 
93,000 cir. mils of steel (7 strands of 0.1151-inch diameter). 
Particular attention, however, is called to the fact that these 
designs were started and this conductor chosen as a basis of 
study about a year ago, when prices were much higher than at 
present, and further that the choice was made upon the basis 
of a lower load factor than, in the light of further study, seems 
reasonable to assume as likely to obtain on the usual 220-kv. 
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transmission system. It is fully recognized that at present 
price levels and for a high load factor, the economical size o 
conductor would he larger than this and that possibly the 
economic advantage would fall to a different type. 

Manual Characteristics of Aluminum-Steel Conductor. 

Mectianiau ^ renuired for 220-kv. transmission, 

The large and heavy cables required uh * 0 f 

and the heavy conductor loadings which the importance ot 
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tingencies, and against possible unpreventable failures becom¬ 
ing cumulative and occasioning extensive damage. 

The mechanical characteristics of steel-core aluminum cables 
are complicated, and calculation of stresses and sags under 
varying loading and topographical conditions presents an 
involved and difficult problem. This is due to the fact that 
the co-efficients of expansion and moduli of elasticity are 


TABLE II 

DATA RELATING TO ECONOMIC COMPARISON OF 220 KV. TRANSMISSION 

CONDUCTORS 


1 . 


2 . 


(See Fig. 7) 

Annual .Cost Curves for 9 Different Cables at 3 Load Factors 


Annual cost curves are plotted, dollars as ordinates, years as abscissas, and show the 
annual cost for any period up to 48 years. This is explained as follows: 


Annual 

Cost 

Includes 


1. Depreciation expressed as first cost divided by number of years 

chosen. 

2. Yearly interest and taxes taken as 8 per cent of first cost. 

[ 3. Annual value of Lost Power taken as 5 mills per kw-hr. 


First cost includes only cost of finished Aluminum-Steel Cable at 44.9c. per lb. for 
aluminum and 12.2c. per lb., for steel f. o. b. factory. First cost of finished copper 
or copper-steel cable @ 27.7c. per lb. for copper and 12.2c. per lb. for steel f. o. b. 
factory. All other items of construction costs have been eliminated as not materially 
affecting the relative positions of the curves. 

Lost power includes line 1 2 R, transformer I 2 R, condenser loss and corona loss. 

Cable Data. 


Curve 
designation 
(See Fig. 7) 

Kind 

of 

cable 

First 

Cost 

Circular Mils 

Strands 

Diam. 

of 

cable 

in. 

Alum. 

or 

copper 

Steel 

s 

Total 

of 

cable 

Alum. 

or 

copper 

Steel 

A 

Al.-St. 

11,175,700 

605,000 

78,000 

683,500 

54 

7 

0.952 

B 

Al.-St. 

1,362,800 

716,000 

92,900 

808,900 

54 

7 

1.036 

C 

Al.-St. 

1,513,500 

795,000 

103,100 

898,100 

54 

7 

1.092 

D 

Al.-St. 

1,814,000 

954,000 

123,700 

1,077,700 

54 

7 

1.196 

E 

Copper 

1,764,800 

500,000 

* * • • 

500,000 

37 

• ■ 

0.814 

F 

Cu.-St. 

1,733,300 

450,000 

105,000 

555,000 

30 

7 

0.857 

G 

Cu.-St. 

1,924,400 

500,000 

116,600 

616,600 

30 

7 

0.904 

H 

Cu.-St. 

1,790,200 

400,000 

274,000 

674,000 

54 

37 

0.946 

K 

Cu.-St. 

2,011,700 

450,000 

308,200 

758,200 

54 

37 

1.004 


different for the two metals and consequently are not accurately 
determinable for the composite cables. The cable manufac¬ 
turers, however, have investigated these characteristics and 
have developed practical, though laborious, methods of calcu¬ 
lation of conductor stresses and sags. These methods have 
been followed and are considered in the main to give results of 
an accuracy satisfactory for design purposes. 
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The basic data for calculations have been taken as. 

Aluminum Steel 


130,000 
30 X 10 6 

6.4 X 10~ 6 


Elastic Limit (lb. per sq. in.).. 14,000 

Modulus of elasticity (lb. per sq. m.) .. 9 X iu 

Co-efficient of expansion (per degree ^ g ^ 1Q _ 6 

fahr)... 

Elastic limit of composite cable 17,3001b. 

(716,000 cir. mils aluminum, 93,000 eir. mils steel) 

Within any limits thus far investigated, it appears economi- 
calender the design loading, to utilise the full strength of the 
conductor up to its elastic limit, i.e., to keep sags to a minimum, 
thus enabling use of shorter towers or longer spans at the 
expense of stronger supporting structures at angles and dead- 

SiSimit, the — " X" X ?£ 

a . w«l then have keen 

developed, and it may then be said to have reached i s final 
stretched condition, i. e., to have received its permanent set . 
As the heavy design loading is removed, the action of 
alumtaum strands will be to loosen infinitesimally on the stee 
alum stress. In any subsequent applications of 

th^design loading, the core will again be stressed to the elastic 
ftoito The steel and the aluminum will coincdenta ly reach 
Sim etette limit stress. At lighter loadings the aluminum 
will be a dead load upon the steel core, which will carry all 

This introduces an interesting feature >nUj»* 
teristics of the composite cable when »» am «mc% M ^ 

from its characteristics after l . , j>. w :ii f 0 iiow 

. ,i j f or loadings less than the design loading, will t 
set, and, tor. S This relation is shown graphi- 

different tension-sag curves, rms 

^Thfnmbiem of predetermining stringing sags for a suspen- 
the pro Diem ui . consi( ierable differen- 

sion insulator line, m whl ^ h d in elevations of the ends 

ces in lengths of adjoining s P ans ^ “ tions of unbalanced 

of *^2;* loads and reduced tower and 
°d«es under varying conditions of conductor 
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loading. It is necessary, initially, to assume a somewhat 
different mental attitude toward the problem of conductor 
stringing than that which largely has been customary. For 
the conditions of 220-kv. design, with heavy design loadings 
and large conductors under heavy tension, the problem assumes 
greater importance than in transmission line practise heretofore. 
In usual practise on suspension insulator lines, the conductor is 
strung to a certain predetermined tension, derived from tension- 



p IG . g—T ension—Temperature Curves—Dead Ended Spans— 
Stringing and Final Conditions—Conductor—Aluminum 716,000 
cm.—Steel 92,900 cm. 

Steel reinforced aluminum cable—716,000 c. m aluminum—-92,900 c. m. steel—elastic 
limit of cable and maximum allowable stress—17,300 lb. with l/s inch ice and 8 lb. wind 

Solid line curves represent stringing tensions of new cable, without load, before first 

application of maximum loading. . _ . , . , , . .. 

Dotted line curves represent final tensions of stretched cable, without load, after applica¬ 
tion of maximum loading has given a permanent set to the aluminum. 


sag curves on the basis of the aveiage span length between 
dead-end points, and the suspension insulators are then tied in 
in a vertical position. It is assumed that when the design 
loadings occur the conductor tensions and attendant loads 
upon insulators and towers will continue to maintain the con¬ 
dition of proper balance of stresses within reasonably close 
limits. Probably, with most present lines, the resulting 
unbalanced effects under design loading will not be serious, 
nder the assumed 220-kv. design conditions, preliminary 
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study has shown that such a method of stringing will result, 
under the extremely heavy design loading, in great longitu¬ 
dinal deflections of suspension insulators intended to operate 
purely as suspension units, and will consequently impose 
unsafe tensions upon these insulators, with attendant unbalanc¬ 
ing of tower loads and possibly dangerous reduction in tower 
clearances, in addition to over-stressing and stretching the 

conductor itself. . . 

The theoretically proper point of view is that, under design 

loading conditions, the conductor should be uniformly stressed 
to its elastic limit and insulators should be hanging norma y. 
Assuming the line to be in this condition under maximum load, 
the inverse of the condition just described will occur as the 
load is removed and the conductor contracts in length, that is, 
the suspension insulators will assume certain definite deflec¬ 
tions at towers between spans of different. lengths and at 
adjacent towers at different elevations, resulting, of course, m 
a non-uniform tension in the conductor itself. It is this 
unbalanced condition without load which careful design should 
aim to produce in initial stringing. This method of stringing 
might, however, in some cases result in excessive insulator 
deflections and tensions under the non-loaded condition of the 
conductor, and some compromise between the two methods 
may be necessary to safeguard the clearances of the unloaded 


conductors. . . ,, 

A method of predetermining for stringing conditions the 

■proper conductor tensions or sags in individual spans and the 
proper insulator deflections is accordingly a desirable refine¬ 
ment. Some approximate treatment of the subject at leas , 
will probably be necessary. It should be noted that the 220-kv. 
designs suggested in this paper contemplate the use o very 
long suspension insulator strings, and that this length of string 
tends to lessen the amount of abnormal insulator and tower 
stresses and reduction of tower clearances which may be set up. 
If as is hoped, improvement in insulator design should enable 
the adoption of a shorter insulator, an accurate method of 
conductor stringing will become correspondingly more impor- 


4" O TV 

A purely mathematical treatment of the problem appears 
complex in the extreme, although approximate methods of 
analysis seem to be feasible. The working out of such ap¬ 
proximate methods offers an interesting and valuable sub- 
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ject for research. An exceedingly instructive experimental 
investigation could be made along these lines, either by means 
of a series of spans of a full-sized line capable of being artifi¬ 
cially loaded, or by means of a miniature properly propor¬ 
tioned model. One troublesome feature of such an experi¬ 
mental determination of these phenomena would seem to be 
that of readily obtaining and controlling the necessary tempera¬ 
ture-range, or of compensating or correcting for temperature 
variation by some indirect means. Such an investigation 
would fulfill a most valuable function in supplying empirical 
constants to be used as a basis for mathematical treatment and 
in verifying the results of approximate methods of analysis. 

The problem of actual stringing is further complicated by 
the use of a composite cable, owing to the shifting of tensions 
between the aluminum and the steel, and especially to the 
radically different characteristics of the cable before and after 
it has been stretched to receive its “permanent set", as pre¬ 
viously described and as illustrated by Fig. 8. This differ¬ 
ence in characteristics leads to the possibility of two different 
methods of stringing a composite cable, i. e., it may be strung 
as received from the factory, or it may be stressed, prior to 
sagging and tying in, to its full strength, 17,300 lb., thus giving 
it nearly all of its “permanent set" (it would receive all of its 
“permanent set" if the stretching were done at 0 deg. fahr.) 
In the latter case a series of tension-sag curves based upon the 
“permanent set" condition of the cable would be used for 
stringing. In the case of stringing the new unstretched cable, 
it would be necessary to develop a special series of tension-sag 
curves, while the “permanent" tension-sag curves would be 
used in locating towers and checking clearances. 

For a new cable, in the absence of special data, the division 
of stress between the aluminum and the steel is indeterminate. 
Such special data may, however, be obtained, presumably by 
experiment. It probably will be found that the conditions of 
the cable as it comes from the factory is sufficiently uniform to 
enable such special stringing curves to be used consistently. 
The application of methods predetermining insulator deflec¬ 
tions, as discussed above, would involve even further complica¬ 
tion if these special unstretched tension-sag curves were to be 
used for stringing. 

From the operating standpoint, however, it would seem 
preferable to string the cable without preliminary stretching. 
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The design loading, with the large margin of safety which it is 

assumed to contain, will probably rarely be r ^ ch ^^ ap f r °S 
mated on the greater portion of the line. The smaller mi 
sags would then in practise, for the greater part, never be 
increased to the “permanent” sags by natural causes. Hence 
there would be obtained the advantage of smaller normal 
operating sags, with the unstretched aluminum acting as a 
resive to increase them suitably when, or if, the design 

Possibly a combination of the two methods might be worked 
out, whereby the cable would be stressed before tying m to 
some definite tension sufficient to insure giving the aluminum 
oart of its “permanent” set. It would then be sagged m by 
unloaded tension-sag curves based upon the definite relation 
between stresses in the aluminum and. the steel as established 

bv this preliminary application of tension. 

The practical importance of the theoretical considerations 
involved in stringing irregular spans supported by suspension 
insulators, and the extent to which refinements may and should 
be carried will in the last analysis be governed by consideration 
of the practical limits of field application, taking into account 
the many variable physical and personal factors. The mten 
is to point merely to the interesting and apparently effective 
possibilities of theoretical and experimental research, pending 
further analysis and study. No field stringing curves embody¬ 
ing the refinements suggested have yet been developed, even 
in approximate form. For purposes of clearance determina¬ 
tions, of tower design and of study of tower economics, the use 
of “average span” tensions and sags probably embodies 
sufficient accuracy, and has tentatively been used. 

Adequate splices for aluminum-steel cables no longer are 
considered to present a problem. Satisfactory types have been 
developed and are in successful use on existing lines. In 
making these splices, the aluminum is cut back from the ends 
of the steel core, the core is then spliced by means of a soft steel 
sleeve, twisted on by means of special wrenches, and the sleeve 
and a considerable length of the aluminum strand, at each end 
then covered by a heavy aluminum sleeve which is solidly 
compressed on the conductors between the dies of a portable 
oil operated jack. Such splices are reported to develop the 
full strength of the cable, the splice itself having considerable 

excess strength. 
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Overhead Ground Wires. The line designs presented provide 
for two overhead ground cables of 5/8-inch diameter high- 
strength steel, 16,000 lb. elastic limit for the cable. The 
justification for the use of ground wires in 220-kv. transmission 
is debatable, but no well-formed conclusions seem possible 
except as a result of practical comparative experience. Their 
use on present high-voltage steel tower lines is nearly universal, 
remarkably so in view of the meagre and inconclusive character 
of the data as to the benefits derived. At 220 kv., with the 
high insulation provided and in view of the diminishing import¬ 
ance which, with increasing line voltage, it is believed can be 
attached to induced lighting disturbances, it is wholly con¬ 
ceivable that the protection afforded may be found to be of 
disproportionately small value. The cost of using ground 
wires is undoubtedly a large item, particularly in view of the 
extremely heavy design loadings assumed and the consequent 
tower stresses which they occasion. 

In view, however, of the great importance of 220-kv. service, 
it has been deemed conservative, until further experience is 
obtainable, to make provision for the use of- ground wires. 
The plan of installation would be to omit ground wires from a 
considerable portion of one line, in districts where lightning 
conditions were severe, while ground wires would be used on a 
parallel line. Comparative performance data would be a 
guide to subsequent procedure. 

Types of Insulators Available. There is no type of insulator 
as yet developed which has thus far demonstrated its ability to 
give adequate, or even reasonably satisfactory results on high- 
voltage lines. This condition, however, applies nearly as 
much to the high voltages in current use, 110 kv. to 150 kv., as 
it does to 220 kv. It does not in any way affect the feasibility 
of 220-kv. transmission. It is confidently believed that 220-kv. 
line insulation can, with existing types of insulators, be made as 
safe and dependable as can the line insulation of present 
installations. In fact, where foresight in design and careful 
maintenance are employed, the present unsatisfactory in¬ 
sulator situation makes its effects evident far less in impair¬ 
ment of service reliability than in the high first cost, direct 
and indirect, of precautions against insulator failure and in 
high maintenance expense and operating inconvenience. The 
economic value of 220-kv. service is so high that greater 
expense and attention than at lower voltages are warranted 
x n measures to guard service. 
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The probable advent in the near future of such voltages as 
220 kv should serve, nevertheless, to emphasize the economic 
necessity of developing line insulators to a point consistent 
with the other elements of the electric power generation and 
transmission situation. The baneful effects of the insulator 
situation are evident not merely in the expense and trouble 
occasioned, but in a certain degree of popular suspicion, m 
essentials unwarranted, of the general idea of high-voltage 

transmission. 

It is believed, as has just been noted, that practicable 220- v. 
insulators can be obtained from present established types. 
There are commercially available three such types, all based 
upon the principle of a series string of disks, in practise of 
about 10-inch diameter, i. e., the standard cemented cap and 
pin type, the Hewlett type and the newer Jeffrey-Dewitt type.- 
Numerous other designs for high-voltage insulators have been 
suggested, some of the series unit type and some in one piece. 
Certain of these designs appear to offer real promise, but none 
of them have been developed to the stage ol commercial pro¬ 
duction, or even to a point where their service performance 

can be predicted. 

The following studies and 220-kv. line designs have been 
based upon the standard 10-inch cemented cap and pin type 
units. This implies no disparagement of the other types 
mentioned; in fact, these appear in some respects to offer 
significant advantages. The standard type has been taken as 
a basis of study because it has been used by far the most 
extensively and for long periods, and, therefore, more data are 
available in regard to its characteristics. Any general designs 
of towers and fittings developed for these units could equally 
well be used for the other types. The studies which follow, in 
conjunction with the general record of experience and investi¬ 
gation, indicate that there are certain characteristics, largely 
inherent, of these standard disk insulators which render them 
far from ideal for service at extra high voltage with heavy, 
conductors. In certain respects this would be true of any 
insulator built up of a large number of disks. It is hoped that 
manufacturers will soon be able to develop an insulator, which 
will be more suitable for extra high-voltage use and will offer 
assurance of greater strength and permanence, both electri¬ 
cally and mechanically. 

Electrical Characteristics of Disk Insulators. The designs 
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suggested make provision for a string of 15 standard units for 
regular suspension service on a 220-kv. grounded neutral line. 
This relatively large number of units affords a considerable 
margin for deterioration and, with proper care in maintenance, 
should assure a degree of reliability in service commensurate 
with the economic importance of 220-kv. service. 

It should be noted that a string of 15 standard units, with 
the necessary connecting pieces and fittings, will be nearly 
nine feet long. Such a length of insulator obviously involves 
great expense in obtaining the necessary tower clearances and 
heights, and it is also the determining feature in fixing conductor 
separation. This serves again to call attention to the need of 
more efficient and suitable insulators. An improvement in 
insulator design which would justify shortening the string, in 
addition to improving the electrical characteristics of the insu¬ 
lator itself, would enable material saving in tower costs. A 
wholly new insulator, having no greater length than necessary 
to insure requisite air clearances from conductor to support, 
say four or five feet, would enable a correspondingly greater 
and a very significant saving in tower costs. Such an insulator 
at moderate price might readily open the door to a variety of 
new types and arrangements of supporting structures. 

The primary electrical characteristics are those of arc-over 
and puncture. It is essential to reliable service that units be 
employed with the largest obtainable ratio of puncture voltage 
to arc-over voltage. The particular importance of this high 
ratio for 220 kv. will be evident in the light of certain data 
which will be presented later in regard to concentrations of 
electrical stress upon individual units of the string. 

The 60-cycle arc-over characteristics of long strings of 
standard disk insulators are shown in Fig. 9, which gives 
curves of arc-over voltage for wet and dry conditions. These 
curves are based upon published test data for shorter strings, 
extended mainly on a theoretical basis with the assistance of 
such fragmentary test data as have been available.* It is 
pertinent, and of great interest, to note that the dry arc-over 
curve flattens out as the number of units in the string increases, 
approaching a condition where increasing the number of 
disks adds practically nothing to the dry arc-over voltage, 
while on the other hand the wet arc-over curve follows nearly 

*Peek, A. I. E. E. Trans. 1912, Vol. XXXI, p. 907,—“Electrical 
Characteristics of the Suspension Insulator.” 
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a straight line characteristic and for long strings reac 
values than the dry arc-over curve. These char-act 
is well understood, are due in the case of dry arc-O'* 
action of the charging current on the system of c 
series and shunt capacities which the insulator si 
stitutes, the resultant effect being a concentration o 
on certain units of the string. In the case of wet ai~< 
effect of the charging current is lost in the greater el 

large leakage current. 

The dry arc-over characteristic thus appears to 
the controlling feature of insulator design,.in so far 
60-cycle characteristics are determining. The fac 
insulator has a higher arc-over value under rain co 



jij G _ 9_ Typical 60-Cycle Arc-Over Characteristics — 

Insulators 

of no advantage, since this condition obtains for 1 
fraction of the time, and in particular since heav 
discharges, with possibility of resultant normal 
surges on the line, are more likely to occur just lx 
storm than during it. 

The distribution of voltage stress over the units 
of fifteen standard 10-inch disks and the concentrate 
on certain units, notably those nearest the conduct* 
by curve A in Fig. 10, which is based in the main upo 
test data.* At a line voltage of 220 kv., (127 kv. 
this concentration reaches a degree which not on I 
seriously with the efficient and economic use of Cl 
units, but which brings the stress on the unit next 
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ductor to a point higher with respect to its strength than the 
standards of practise set for 220-kv. service make desirable. 

Two methods are recognized as offering relief from this ex¬ 
cessive concentration. The first is the grading of the insulator 
units used in the string. This would be accomplished by mak¬ 
ing up the string of units of two or more distinct types, differing 
in size or diameter or in some other feature which would cause 
them to have different condenser capacities, those with the 
larger capacities being placed nearest to the conductor. The 



Fig. 10—Typical 60-Cycle Voltage Distribution—Suspension In¬ 
sulators—220 kv. Grounded Neutral System 

results of one form of such grading are shown in curve B, Fig. 
10 which is based upon published test data.* It is evident 
that by such grading considerable and, for ordinary purposes, 
ample improvement in voltage distribution can be effected. 
From a practical standpoint, this expedient involves a certain 
amount of complication and expense in construction and of 
expense and inconvenience in operation due to the necessity 
of maintaining stocks of each of the different types of units 


*A. I. E. E. 1916 Trans., Vol. XXXI, Part I, p.745, R. H. Marvin, 
“A New Method ofGrading Suspension Insulators.” 
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and of insuring their proper use in maintenance replacements. 
This disadvantage; while of some consequence, cannot be re¬ 
garded as prohibitive in view of the benefits which might be 
expected to accrue. 

A second method of relieving this excessive concentration of 
stress consists in installing below or around the disk nearest 
the conductor suitably designed metallic shields or rings. 
The effect of such shields in improving the stress gradient may 
be even more marked than that of grading the insulator units. 
The stress distribution obtainable by this method has been 
predicted in curve C of Fig. 10, the values for which have been 
assumed from the fragmentary test data at hand. The use of 
such shields or rings at the lower end of the insulator string 
would obviously tend in itself to increase the requirements for 
tower clearances, but the shortening of the insulator string, 
which a successful application of this expedient would justify, 
might presumably compensate. 

In general either grading or shielding or a combination of 
the two appears to be feasible. Neither would appear to re¬ 
quire any very elaborate investigations and tests to determine 
effective designs free from possibility of secondary complica¬ 
tions of any moment. The conditions with the 15-unit string 
of standard units are so unsatisfactory that probably some al¬ 
leviating measures should be adopted. Of the two described, 
probably grading could be developed to a point ready for 
actual use most quickly and with least experimental investi¬ 
gation. It is wholly possible that a considerable grading effect 
might be worked out through selection from present commercial 
types of disks. 

A feature of the insulator situation which complicates the 
question of voltage stress distribution and which will have 
some effect upon methods of carrying out remedial measures 
is the fact that in order to obtain adequate mechanical strength, 
as will be discussed later, two or three strings of standard disks 
must be used in parallel at suspension points, and proportion¬ 
ately more at tension points. So far as is known, no investiga¬ 
tion has been made of the effect of parallel strings upon poten¬ 
tial gradient. 

The belief is widely entertained that arcing horns or rings or 
other discharge devices are of sufficient benefit to warrant their 
use. They would fulfill several functions, the first and primary 
function being to protect the insulator from the destructive 
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heat of an arc. This function assumes particular importance 
on a large capacity, dead-grounded neutral system. For this 
purpose the devices should be so shaped and placed as to hold 
the arc securely away from the insulator string. Other func¬ 
tions are protection of the conductor from the possible burning 
by a high-power arc, and reduction of the likelihood of insulator 
puncture. It may be possible to combine in one device in some 
effective and economical manner the functions of a discharge 
horn or ring and of an electrostatic insulator shield. 

The foregoing discussion of electrical stresses on ins ulators 
refers, as will be noted, to such stresses as-may be produced at 
the normal line frequency of 60 cycles. Under conditions of 
high-frequency oscillations and of steep wave front phenomena 
generally, the insulator voltage stress characteristics will be 
quite different. In particular, the high-frequency voltage 
stress distribution over an insulator string is understood to 
follow approximately a straight line characteristic. The im¬ 
portance to be ascribed to high-frequency phenomena as a 
disturbing factor in 220-kv. operation is a problem of a highly 
speculative character. Such evidence, however, as is available, 
and the trend of theoretical opinion, tend toward the conclu¬ 
sion that high-frequency becomes of diminishing relative sig¬ 
nificance as the line voltage is increased, particularly when 
transformer neutrals are dead grounded. The suggestion has 
been offered that, with a line operating near the corona limi t, 
high-voltage surges at high frequency, representing usually 
small amounts of energy, tend to dissipate themselves in corona, 
corona dissipation of energy being more rapid at high frequen¬ 
cies. In any event it is believed improbable that a line suffi¬ 
ciently well-insulated to withstand low-frequency high-power 
disturbances is likely to encounter trouble from high-frequency 
disturbances. 

Mechanical Characteristics of Disk Insulators. The wide¬ 
spread dissatisfaction with the present insulator situation is 
believed to have arisen largely on mechanical grounds. 

A' very disturbing feature is the much discussed insulator 
deterioration. The progressive failure, after a relatively short 
period of years in service, of the cemented type disk insulator 
is well recognized and has been almost universally experienced. 
Existing high-voltage lines are facing the prospect of continuous 
and difficult tests and expensive maintenance, both attended 
by interference with operation. Whether the causes be also 
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electrical, chemical or ceramic, the results are unquestionably 
serious. In this respect, however, the difficulties at'220-kv. 
would differ from those at low voltage only in the greater 
number of disks involved. 

From the standpoint of deterioration, the non-cemented 
types of disk insulator, which avoid.the effects of dissimilar 
expansion of the component materials, seem to offer and to be 
demonstrating marked advantages. 

The working stress for standard cemented cap and pin type 
disks permitted by conservative practise is only about 2500 lb. 
With the large conductors and extremely heavy design loadings 
required for 220-kv. service, this low mechanical strength 
immediately presents itself as an embarrassingly serious 
limitation. The designs which have been worked out in this 
study call at normal suspension points for two strings in parallel 
with spans up to 700 ft. and for three strings in parallel with 
spans in excess of 700 ft. The complication and expense of 
hardware and the difficulties involved in clearances are obvious, 
not to speak of the direct cost of the insulators. If these 
insulators were to be used at dead-end points, tension assem¬ 
blies of at least six strings would be required, at the uncon¬ 
servative design load of 2900 lb. per string. A failure in one 
string, by unbalancing the load distribution, would seriously 
jeopardize the whole assembly. 

For service at dead-end points, however, the unsuitability of 
the standard disk is so pronounced that it is considered probable 
that resort would be made at once to an entirely different type 
of insulator. 

Considerable promise is offered by a relatively new type of 
insulator, a wooden rod insulated with compound and enclosed 
in a suitably petticoated procelain shell. Any desired mechani¬ 
cal strength can readily be secured in an insulator of this type, 
so that the full dead-end tension would be carried on one unit. 
Probably two units would be used in series to obviate an exces¬ 
sively long porcelain tube. Such tension insulators are in 
limited use on 120-kv. and 150-kv. lines. They are a new 
development, however, and in the absence of long service 
demonstration there naturally arises a question as to their 
electrical permanence. Experiments with somewhat similar 
types of insulator have shown -unfavorable results in the way of 
disintegration of the wooden rod under long applied high 
electrical stress. On the other hand, oil insulated wooden rods 
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in circuit breakers have, with few exceptions, been found to be 
durable. Possibly some other material, less susceptible than 
wood to disintegration, might be employed for the rod. Any 
cracking of the porcelain shell or loosening of joints, which 
would permit escape of the insulating compound, would of 
course result in failure of the insulator. In the light of present 
knowledge, however, the lack of service trial appears no more 
serious than the known complication of huge assemblies of the 
standard type of disk insulator. 

Summarizing the situation as to availability of present 

commercial disk insulators for 220-kv. service, it is evident 

* 

that, in addition to known drawbacks, there exists considerable 
question as to fundamental characteristics which must to some 
extent be removed before confidence can be established in 
assumptions made and designs based upon these assumptions. 
Investigations should be conducted, with possible resultant 
developments, as to at least three features of the applicability 
of disk insulators to 220-kv. service, i. e 

1. Tests to confirm or establish the dry and wet flashover 
characteristics, and accompanying potential gradients, of 
strings of ten to fifteen disk units, both singly and with several 
strings in parallel. These characteristics should be investi¬ 
gated both at 60 cycles and at high frequency; 

2. Experiments to determine how grading or shielding or 
both can most effectively be applied to strings of present types 
of disks; 

3. Continued investigation of insulator deterioration prob¬ 
lem. 

It is to be hoped that those concerned with the design and 
manufacture of insulators will be inclined to undertake investi¬ 
gations of this character. Of even greater ultimate importance, 
of course, are efforts looking to the development of a new type 
of insulator, more efficient electrically, with greater strength 
mechanically and of unquestionable permanence. 

Clamps and Fittings. Reliable and satisfactory clamps are 
now on the market for composite cables of somewhat smaller 
sizes. It is not expected that any significant difficulty will be 
encountered in the design of clamps suitable for a cable of the 
size proposed. The clamps will presumably be of generally 
similar design to that of those now in use on some of the highest 
voltage lines in the country, of which illustration is given in 
Fig. 11. 
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In the design of all cable clamps for use at 220 kv., especial 
care would be required in avoiding of sharp projections, ridges 
or points which might afford opportunity for formation of 
corona or static discharges. Sleeve protectors should be used 
with all types of clamps. At the ends of the clamps, bells of 
sufficiently large radius should be provided to avoid any chance 
of conductor crystallization from continued vibration. 

In the case of suspension clamps, attention should be 
given to obtaining long smooth clamping surfaces, and any 
corrugations should be of large radius. The clamp should 
hold the cable with sufficient strength to prevent slipping under 
normal conditions, and in case of conductor breakage slipping 
should not occur except at the tower adjacent to the break. 
With the great length of the suspension insulator string, this 
requirement should not be difficult to meet. 

Semi-tension clamps will have an important field of use, 
since it is the aim to go to extremes in avoiding points where 
full dead-end tension will come upon insulators. This type of 
clamp will accordingly be used at smaller angle and stabilizing 
points. It should hold the conductor, under all conditions, 
with no appreciable slipping, a requirement which may involve 
separate clamping of the steel core. A somewhat similar angle 
or side tension clamp will be needed for use at points where the 
line makes a considerable horizontal angle. 

For tension clamps, the best present practise is to provide 
for separate clamping of the core, as illustrated in Fig. 11. For 
large cables worked to their elastic limits, as required for 
220-kv. service, this method of clamping will be essential. 

Equalizer yokes and connectors present more of a problem 
than for present lines, since, as noted earlier, even at suspension 
points two or three insulator strings in parallel would be used, 
while if disk insulators were to be used at tension points, not 
less than six parallel strings would be necessary. Whether the 
present patterns of cast yokes are satisfactory for such heavy 
duty service is questionable. Pressed steel or some design 
built up of structural shapes would appear preferable. 

Jumpers at dead-end towers will obviously be long, more 
than 20 ft., and probably some form of jumper guide or anchor 
will be necessary. This has been satisfactorily accomplished 
in existing lines by means of auxiliary weights, auxiliary 
insulator strings or rigid guides of structural steel attached to 
the yokes. 



PLATE XL. 

A. I. E. E. 

VOL. XXXVIII, 1919 



Fig. 11 —Conductor Clamps [silver] 

Examples of Prevailing Practise 


Nos. 1, 2 and 3.Suitable Type for Suspension 

Nos. 3 and 4.Suitable Types for Semi-Tension 

No. 5.Suitable Type for Tension 
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Transmission Towers . Before proceeding to discussion of 
the problems of tower types and designs, it may be noted that 
for present purposes consideration has been confined to single 
circuit lines, primarily for the reason that at the start a 220-kv. 
system would be developed gradually, one or two circuits at a 
time, probably to a considerable extent over different rights- 
of-way. When, however, 220-kv. becomes established and 
conditions call for three or more parallel lines, or when networks 
have been established such that .absolutely continuous service 
of any one line becomes relatively somewhat less important, 
then the question of using double-circuit structures will deserve 
careful investigation. The advantages will consist in a con¬ 
siderable saving in tower cost and some saving in right-of-way, 
against which would lie the relatively minor chance of failure of 
a structure from extraordinary causes involving two circuits 
instead of one. 

The design of two circuit 220-kv. structures would open inter¬ 
esting possibilities. The large conductor separation, about 
20 ft., employed in the accompanying designs, adopted largely 
as a result of the long insulator strings used, would severely 
handicap the conventional type of double circuit tower,—three 
conductors in a generally vertical plane on each side of the 
tower,—owing to the great height and # great weight of steel 
required. A shorter insulator would tend to reduce this 
handicap. There are other feasible types of double-circuit 
tower for 220-kv. service, in some respects more promising, in 
particular a tower with three legs transverse to the line carrying 
all six conductors in a horizontal plane. This type makes the 
high transverse strength easy to obtain, and suggests the 
possibility of building two legs to carry one circuit initially and 
adding the third leg and the second circuit later. The design 
of a double-circuit tower would, of course, be determined 
primarily by economy of steel. A discussion of structures for 
multiple circuit lines is, however, beyond the scope of the 
present study. 

The choice of structure material, whether wood, or steel, is 
primarily one of total economy, considering first cost, deprecia¬ 
tion and maintenance. The long economic life which pre¬ 
sumably a 220-kv. line would represent, causes durability of 
material to assume even greater importance than in present 
practise, so that for most localities, wood construction would 
not be economical, even assuming that the requisite strength 
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for the heavy loads could be secured without resorting to unduly 
short spans. 

As to type of structure to be employed, the conventional 
rigid tower has been adopted as the most available for con¬ 
struction in the immediate future. The rigid tower type of line 



Fig. 12—220-kv. Steel Transmission Tower—Clearance Diagram 
Type A (Suspension)—For Vertical Angle 5 deg. and Horizontal 
Angle 0 deg. to 2 deg. (For Design Loading and Stresses See Table 
III.) 

Conditions Causing Maximum Swing of Insulators Taken for Determining Tower 

Dimensions 


Position 

Span 

Horizontal Angle 

Turned by Wind 

Conductors 

Ice 

Temp. 



-> 

-> 



a 

550 

2 deg. 

8 1b. 

0 in. 

0 deg. 



< 

<- 



b 

550 

2 deg. 

81b. 

0 in. 

0 deg. 


has been thoroughly studied and tested by experience, and 
when properly designed, its performance record has been 
satisfactory, at least with the smaller conductors and lighter 
loadings thus far used. It is recognized, of course, that the 
very great stresses existing in such a line as is here proposed 
tends to disturb the balance of considerations which has deter- 
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TABLE III 

DESIGN LOADING AND STRESSES 
Type A Tower (Suspension) 

Vertical Angle 5 Deg. and Horizontal Angle 0 Deg. to 2 Deg. 
Conductor, Aluminum 716,000 Cir. Mil.—Steel 92,900 Cir. Mil. 
Ground Wire 5/8 in. Steel Strand Suspension Insulators 
Wind 8 lb. Ice IK in. at 0 Deg. Fahr. 


(For Type A Tower Clearance Diagram See Fig. 12) 


Span (Normal and max. allowable with maxi- 

mum angles).•. 

Height of cross arm above ground. 

550 ft. 
47 ft. 

A. 

700 ft. 
57 ft. 

800 ft. 
63 ft. 

1000 ft. 
80 ft. 

Transverse Loading 

Wind on tower. 

750 

850 

1,000 

1,250 

Wind on 3 conds. with IK in. ice at 2.69 lb. 
per ft. 

4,400 

5,650 

6,440 

8,050 

Wind on 2 gr. wires with IK in ice. at 2.42 
lb. per ft. 

2,650 

3,400 

3,860 

4,850 

Pull, 3 conds. due to 2 deg. hor. angle. 

1,800 

1,800 

1,800 

1,800 

Pull, 2 gr. wires due to 2 deg. hor. angle. 

1,200 

1,200 

1,200 

1,200 


10,800 

12,900 

14,300 

17,150 

Test load—125 per cent. 

13,500 

16,000 

18,000 

21,500 


Torsional Loading . 

It is assumed that one conductor is broken and the pull of the conductor m the adjoin¬ 
ing span is decreased due to the tendency of the insulator string to swing in the 


direction of the pull. 


Assumed maximum load . 

8,000 

9,000 

10,000 

11,000 

Test load—125 per cent.. 

10,000 

11,300 

12,500 

13,800 

Vertical Loading (At each conductor and ground 
wire support) 


600 

750 

900 

Weight of conductor at 0.9 lb. per ft. 

500 

Weight of IK in. ice at 4.72 lb. per ft. 

2,600 

3,300 

3,800 

4,750 


1,500 

1,500 

1,500 

1,500 

JJU6 uG <l> Cleg. VU WLCU ..* • 

400 

400 

Insulators and hardware.• • 

400 

400 


200 

200 

200 

200 

800 

800 

800 

800 

Total load at one support. 

6,000 

6,800 

7,450 

8,550 

Test load—125 per cent. 

7,500 

8,500 

9,300 

10,700 


Design Stresses 

Above test loads include all factors of safety so 


that structural steel should be stressed 


as follows.: 


Test load 


Working load max. 
condition 


In tension. 


In compression. 


30,000 lb. per sq.. in. 

/ 100 l\ 

i 30,000 - J lb. 


24,000 


per sq. in. ( 24,000 — 


80L 

R 


) 


20,000 

40,000 


Bolts in shear. 25,000 lb. per sq. in. 

Bolts in bearing. 50,000 lb. per sq. in. 

Values L/R to be used shall be: a. For main members not greater than 120 

b. For secondary members not greater than 200 

c. For redundant members not greater than 250 

Minimum thickness of metal * in. All material to be galvanized 

Test toads as specified for transverse, torsional and vertical loading to be applied p 
ately. 
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min ed the present rigid tower type of line design, and further 
study, in conjunction with actual experience in 220-kv. con¬ 
struction, may later indicate that greater economy is obtainable 
with a different type of construction. For immediate purposes, 



Fig. 13—220-kv. Steel Transmission Tower—Clearance Diagram— 
Type B (Suspension)—For Vertical Angle 10 deg. and Horizontal 

Angle 2 deg. to 10 deg. (For Design Loading and Stresses See 

Table IV) 


Conditions Causing Maximum Swing of Insulators Taken for Determining Tower 

Dimensions 


Position 

Span 

Horizontal Angle 
Turned by 
Conductors 

Wind 

Ice 

Temp. 

a 

1000 

-> 

2 deg. plus 

< 

8 lb. 

0 in. 

120 deg. 

b 

550 

10 deg. 

-> 

8 lb. 

0. in. 

0 deg. 

c 

1000 

0 deg. 

< 

8 lb. 

0 in. 

0 deg. 
or 

d 

550 

2 deg. minus 

-> 

8 lb. 

0 in. 

120 deg. 

0 deg. 


however, it has been deemed that a conservative attitude should 
be adopted toward innovations not specifically called for by the 
conditions of 220-kv. service. 

It is growing practise in heavy line construction to provide a 
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TABLE IV 

DESIGN LOADING AND STRESSES 
Type B Tower (Suspension) 

Vertical A noli; 10 Deg. and Horizontal Angle 2 Deg. to 10 Deg. 
Conductor, Aluminum 710,000 Cm. Mils. Steel 92,900 Cir. Mils. 
Ground Wire **. s in. Steel Strand Suspension or Semi-Tension Insulators 

Wind vS ml Ice 1 % in. at 0 Deg. Pahr. 

( For Type B Tower Clearance Diagram See Fig. 13) _ 


Span (Normal) . 

Span (maximum a 

angles) . 

Height, of erom; arm 

llowahle with maximum 

above ground ... 

550 ft. 

700 ft. 
47 ft. 

700 ft. 

900 ft. 
57 ft. 

800 ft. 

1000 ft. 
63 ft. 

1000 ft. 

1200 ft. 
80 ft. 

’run averse Loaditin 

W isul < >u in we’ r. . . . 
Wind tin 3 etituin. w 

i?. Is 1 : in. see at 2.09 lb. 

S50 

1,000 

1,250 

1,500 

| '31" 1” 1 t * * * » • * * * * * * 

Wind mi ii *-jr. wirvn 

VVif.il 1 11 111* H-H£ ill* w i 42 11.) • 

5,600 

7,250 

8,050 

9,700 


3,350 

4,350 

4,850 

5,800 

J H... 1 » IM * * * 

Ptill 3 rnf.dil. due to 

10 deg. horizontal angle. . 

9,000 

9,000 

9,000 

9,000 

Bull 2 gr. wirea due 

n 10 deg. horizontal angle. 

6,000 

6,000 

6,000 

6,000 



24,800 

27,600 

29,150 

32,000 

i i 1 v»fc I i' : n k' 1 1 I * * - " * 

Test; Jo;u 1 Llo pel' 

cent. ... • • 

33,500 

37,300 

39,400 

43,200 




J'uF'tiitHili /«i titlilMJJ ... 

It iit aHnmmni that two (touthirton; :tre broken and that the pull of the conductors in 

■ « 1 I . . if . ,.J 2 ... L t.. /V M ,»FA *• 

the adiuimug r.pan pauses imbalanced loat. 


Luad ut any oiuj conductor or ground wire 
timpinirt.... * *.* * ‘ ' * 

Telit load.. I .Li jwtr eimt...... ... 

trtkal Li tiding (At uadi umuluctor and ground 

wire wsppmt) 

Wi'idd: of uuududof at 0.0 lb. pur B. 

Weight ill l t i in. iet* at 4 . i2 lb. pui it...... • 

1 >*:«- i,.» 10 dei*. vertical angle. 

1 mmlatmr. and hardware. 

Mrrn.... 

Repair tack Ire.... 

Total load at one jivipport,. 

'Teiit load -135 per emit.. 


» i i ♦ * » * * ' 


17,300 

17,300 

17,300 

17,300 

23,400 

23,400 

23,400 

23,400 

600 

850 

900 

1,100 

3,300 

4,250 

4,700 

5,700 

3,000 

3,000 

3,000 

3,000 

400 

400 

400 

400 

200 

200 

200 

200 

800 

800 

800 

800 

8,300 

9,500 

10,000 

11,200 

. 11,200 

12,800 

13,500 

15,100 


t\t%m Stress** (Hamu h. 
Above tent loads include : 
Hi fnUuw *i ’ 


rower;! Tv pus C. D. and B. Tables V, Vi ana vu, 

all factors of safety so that structural steel should be stressed 

Working load max. 

Test loads condition 


tension........ 


30,000 lbs. per sq. in. 
100 /. 

30,000 - 


22,000 

/ 75 L \ 

lbs. persq. in. ^ 22,000 ” J 

Unit' in thear.. 25,000 lbs. per sq. in. 18,500 

BmUs in buanihb ■***•■•• w TYri : n members not greater than 120 

Vidne'md l, pt t« be tried shai *c: - For ^ndary members not greater than 200 

c . For redundant members not greater than 25U 

. i j / ; n All material to be galvanized. 

!i.mnmn tin, la,™ ■■ «m Ul ,» > • * vortical loading to be applied sepa- 

>at trmrh aft sjwmlmd fur tram,verse, tor 
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and the economic study was based upon this profile. For each 
of four normal span lengths; i. e., 550 ft., 700 ft., 800 ft. and 
1000 ft., four actual approximate line designs, based each upon 



Fig. 15 — 220-kv. Steel Transmission Tower—Clearance Dia¬ 
gram—Type D (Side Tension and Anchor)—Vertical Angle 25 
deg.—Horizontal Angle (Side Tension) 25 deg. to 60 deg. (Anchor) 
60 deg. to 90 deg. (For Design Loading and Stresses See Table VI) 

Conditions Causing Maximum Swing of Insulators Taken for Determining Tower 

Dimensions 


Position 

Span 

Horizontal Angle 
Turned by 
Conductors 

Wind 

* 

Ice 

Temp. 

a 

550 

-> 

60 deg. 

-> 

8 lb. 

0 in. 

0 deg. 

b 

1000 

25 deg. 

< 

8 lb. 

in. 

32 deg. 


its own set of specific tower locations, was carried out, and the 
cost of each line was estimated. These costs, as plotted in Fig. 
18, show maximum economy with normal spans 048OO ft. with 
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TABLE VI 

DESIGN LOADING AND STRESSES 
Type D Tower (Side Tension and Anchor) 

Vertical Angle 25 Deg. 

Horizontal Angle (Side Tension) 25 Deg. to 60Deg., (Anchor) 60 Deg. to 90 Deg. 
Conductor, Aluminum 716,000 Cir. Mil. Steel 92,900 Cir. Mil. 

Ground Wire 5 /s in. Steel Strand 
Suspension, Semi-Tension or Tension Insulators 
Wind 8 Lb. —Ice IK in. at 0 Deg. Fahr. 

(For Type D Tower Clearance Diagram See Fig. 15) 



550 ft. 

700 ft. 

800 ft. 

1000 ft | 

Dpo/Ii \ XN ul • «**••••• 

Span (maximum allowable with maximum 

1100 ft. 

1300 ft. 

1400ft. 

1600 ft. 

tt • x. o-t—m ci orniltin ........ • . • 

47 ft. 

57 ft. 

63 ft. 

SO ft. 

Height ox gross arm auuvc ••••/* 





Transverse Loading 

1,200 

1,400 

1,500 

1,750 

Wind oti ..*. 

Wind on 3 conductors with 1% in. ice at 2.69 

8,875 

10,500 

11,300 

12,900 

19* XL.. •••••* * m 

Wind on 2 ground wires with 1 Kin ice at 2.4- 

5,325 

6,300 

6,800 

7,750 

ID. per it........ , 

Pull 3 conductors due to 90 deg. horizontal 

73,400 

73,400 

73,400 

73,400 

Pull 2 gr. wires due to 90 deg. horizontal angle. 

45,300 

134,100 

45,300 

136,900 

45,300 

138,300 

45,300 

141,100 


181,000 

184,800 

186,700 

190,500 

Test load, loo per cem*... 





Longitudinal Loading (Line terminal tower) 

51,900 

51,900 

51,900 

51,900 

Pull due to o conductors. 

32,000 

32,000 

32,000 

32,000 

Pull due to 2 ground wires. 

83,900 

83,900 

83,900 

S3.900 


113,300 

, li.3,300 

113,300 

113,300 

Test load—ioo per .. 


1 

1 



'ass"that two conductors end two ground wires are broken andL the pull o£ 
the conductors and ground wires in the adjoining span causes unbalanced loadtng 

the tower. 


Load at anyone conductor support... 
Test load—135 per cent of actual.. .. 
Load at any one ground wire support 
Test load—135 per cent of actual- 


• * • 


17,300 

23,400 

16,000 

21,600 


Vertical Loading (At each conductor and ground 
wire support) 

Weight of conductors at 0.9 lb. per ft. 1 

Weight of IK in. ice at 4.72 lb. per ft . 

Due to 25 deg. vertical angle.. 

Insulators and hardware. 

Men. 

Repair tackle._. 

Total load at one support. Vi” V. 

Test load— 135 per cent of actual load. 


1,000 

5.200 

7.300 

1.200 

400 

1,200 

16.300 

22,000 


17,300 

23,400 

16,000 

21,600 


1,200 

6,150 

7,300 

1,200 

400 

1,200 

17,450 

23,600 


17,300 

23,400 

16,000 

21,600 


1.300 
6,600 

7.300 

1,200 

400 

1,200 

18,000 

24.300 


17,300 

23,400 

16,000 

21,600 


1,450 

7,550 

7,300 

1,200 

400 

1,200 

19,100 

25,800 


Stresses (Same as for Type B Tower, See 
Table IV) 
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the rigid type of tower assumed, while longer spans or shorter 
spans are more expensive. The 800 ft. normal span was 
selected as a basis for further studies. 

The method of carrying out these line designs involved, first, 
determining the height of tower corresponding to the* span 
length selected. To determine this height, a ground clearance 
of 25 ft. under design loading was assumed (corresponding with 



gbam—TV pifir (k 8 \ Transmission Tower—Clearance Dia¬ 

gram Type E (Anchor)—Vertical Angle 0 deg. to 15 deg. 
Horizontal Angle (Anchor) 0 deg. to 60 deg. (For Design Load¬ 
ing and Stresses See Table VII) 


an 800-ft. span to about 35 ft. at 60 deg. fahr) and a sag- 
dearance temp ate developed for the aluminum-steel conductor 

the^lardTot ^*-f “’I™ 6 ' this temp,ate 

gave tne standard tower heights for the four normal span 
lengths under consideration as 47 ft., 57 ft., 63 ft. and 80 ft. For 
each height of tower, the five standard designs were developed 

werewtpj d ’ sa . g ' clearance template, tower locations 

he yP1 ?I Pr0file selected - With the locations 
determined, the required type of tower was selected from the 
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TABLE VII. 

DESIGN LOADING AND STRESSES 
Type E Tower (Anchor) 

Vertical Angle 0 Deg. to 15 Deg. and Horizontal Angle 0 Deg. to 60 Deg. 
Conductor Aluminum 716,000 Cir. Mil.—Steel 92,900 Cir. Mil. 
Ground Wire 5 /s in. Steel Strand 
Tension Insulators 

Wind 8 Lb.—Ice IK in. at 0 Deg. Fahr. 

(For Type E Tower Clearance Diagram See Fig. 16) 


Span (normal). 

Span (maximum allowable with maximum 

angles). 

Height of cross arm above ground. 

550 ft. 

1000 ft. 
38 ft. 

700 ft. 

1200 ft. 
48 ft. 



Transverse Loading 

Wind on tower. 

850 

1,000 

1,250 

1,500 

Wind on 3 conds. with IK in. ice at 2.69 lb. 
per ft. 

8,070 

9,700 

10,500 

12,100 

Wind on 2 gr. wires with IK in ice at 2.42 lb. 
per ft. 

4,830 

5,800 

6,300 

7,300 

Pull—3 conductors due to 60 deg. horizontal 
angle. 

51,900 

51,900 

51,900 

51,900 

Pull—2 gr. wires due to 60 deg. horizontal 
angle. 

32,000 

32,000 

32,000 

32,000 

Total load. 


100,400 

101,950 

104,800 

Test load—135 per cent. 

131,800 

135,500 



Longitudinal Loading (Line terminal tower) 

Pull due to 3 conductors. 

51,900 

" ■.' ; \ 

mu 

mu 

Pull due to 2 ground wires... 

32,000 

1 IS' II 

■ 


Total load.. 

83,900 

83,900 


■SaBM 

Test load—135 per cent. 

113,300 

113,300 

113,300 

113,000 


Torsional Laoding 


It is assumed that two conductors and two ground wires are broken and the pull of 
the conductors and ground wires in the adjoining span causes unbalanced loading in 
the tower. 


Load at any one conductor support. 

17,300 

17,300 

17,300 

17,300 

Test load—135 per cent. 

23,400 

23,400 

23,400 

23,400 

Load at any one ground wire support. 

16,000 

16,000 

16,000 

16,000 

Test load—135 per cent. 

21,600 

21,600 

21,600 

21,600 

Vertical Loading (at each conductor and ground 
wire support) 

Weight of conductors at 0.9 lb. per ft. 

900 

1,080 

1,170 

1,350 

Weight of IK in. ice, at 4.72 lb. per ft. 

4,700 

5,670 

6,136 

7,080 

Due to 15 deg.—vertical angle. 

4,500 

4,500 

4,500 

4,500 

Insulators and hardware. 

1,200 

1,200 

1,200 

1,200 

Men. 

400 

400 

400 

400 

Repair tackle. 

1,200 

1,200 

1,200 

1,200 

Total load at one support. 

12,900 

14,050 

14,600 

15,700 

Test load—135 per cent. 

17,400 

19,000 


21,200 


Design Stresses (Same as for Type B Tower, See Table IV.) 
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Pig. 17—Section op Profile of Typical Transmission Right of 
Way Used as Basis for 220-kv. Line Studies to Determine Economic 

PAN 








P-SUSTAINING, HO^ 


Quan. 

Uni 

Used 


1 

mi. 1 


6.810 

mi. 

|' 

5.350 

each 


1.160 

it 


0.172 

it 


0.086 

U 


0.042 

a 


712 

cwt. 


35.6 1 

ton 


35.6 

it 


• • • • 

mi. 


5.35 

each 


1.16 

it 


0.172 

u 


0.086 

u 


0.042 

a 


.... 

mi. 


6.60 ; 

twr. 


0.210 i 

U 


j 
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Article 


Type of tower. 

Avg. span on typical profile (a). 

Towers typical profile (b). 


Towers per mile. 
Height of tower. 
Weight of tower 


Cost of steel per lb... . 

“ “ tower. 

Max. allow, hor. angle 


Max. allow, vert, angle. 

Weight of towers per mile. 

“ “ “ “ “ total 


Article 


Type of tower... 
Towers per mile. 
No. insul. strings 
Total number. .. 


Insulators (c) 
Susp. clamps.. .. 
Semi-ten. clamps 


Tension clamps.... 
Equalizer yokes... 
Ex. H. equal, yoke 


>ot span 


• C 

743 
. 4 

i 

74 

• 0.172 


■ 63 

t 

050 

36,7( 


* 


4,4( 


( 

15 

i 

4 

620 

3,1< 

1,180 



!0 


Mile 


302 

1.7 

1.7 


34 

7 



Links. 

Clevis Eyes. 
Arcing horns 


34 

54 

14 


Article 


Type of tower. 

Towers per mile.-0 

No. insul. strings.. 

Total number. 


Mile 


Insulators (c).. 292 

Susp. Clamps.. 1.6 

Semi-ten. clamps.. 1.6 


Tension clamps.. .... 

Equalizer yokes.. 32.4 

Ex. H. equal, yoke.. 6.5 


Links. 32.4 

Clevis eyes. 51.9 

Arcing horns. 1.3 


Notes: —(*) Part affected by span only, (a) Thekind of towei 
an actual profile of a line 23.3 miles in le: 

























































1000 -foot span 


D 

L3 

2 

E 

743 

1 

A 

1,015 

88 

B 

1,060 

25 

C 

657 

4 

D 

657 

2 

E 

657 

1 

0.086 

53 

DO 

0.042 

54 

23,500 

3.800 

SO 

12,810 

1.080 

80 

20,250 

0.173 

80 

29,810 

0.085 

80 

49,780 

0.042 

71 

34,120 

L 2 

35 

30 

12 

2,821 

60 

12 

1,536 

2 

12 

2,435 

10 

12 

3,572 

25 

! 12 

5,980 

90 

12 

4,095 

60 

25 

30 

15 

990 

5 

48,690 

10 

21,880 

15 

5,160 

81,300 

25 

4,236 

15 

1,434 


700-foot span 


C 

0.216 

4 

per 

D 

0.086 

2 X 6 

per 

E 

0.086 

2X6 

per 

Total 

Tower 

Mile 

Tower 

Mile 

Tower 

Mile 
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* * • * 

* • • * 

44 

• * ■ ■ 
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55 
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• • # • 

53 

• • « • 

• * » ■ 

1 

e 3 

12 

6 

0.7 

2.6 

1.3 

6 

60 

12 

0.5 

5.1 

1.1 

6 

60 

12 

0.5 

5.2 

1.1 

2 

86 

11 

12 

30 

8 

2.6 

6.5 

1.7 

60 

96 

24 

5.1 

8.2 

2.0 

60 

96 

24 

5.2 

8.3 

2.1 

47 

194 

59 


1000 -foot span 




C 

0.173 

4 
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D 

0.085 

2 X6 
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E 

0.042 

2 X6 
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Total 
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Mile 
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Mile 
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Mile 
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26 

• • • f 
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13 

2 
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6 

60 

12 

0.5 

5.1 
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6 

60 

12 

0.3 

2.5 

0.5 

2 

42 

32 

12 

30 

8 

2.1 

5.2 

1.4 

' 

60 

96 

24 

5.1 

8.2 

2.0 

60 

96 

24 

2.5 

4.0 

1.0 

42 

161 
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s, shown m this horizontal row, a template for given normal 

v given normal span was applied to 
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16,000 


14,000 


: 12,000 


10,000 


8,000 


6,000 


4,000 
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Curve Description _ 

~ 1 Total Cost( Excluding Cost 
_ of Conductor & Ground Wire) 

2 Cost of Towers 

— 3 Cost of Insulators & Hardware 
4 Cost of Right of Way_ 


known angles and span lengths involved at each tower site. 
The results of this study are given in Table VIII, showing for 
each normal span length the numbers required of each type 
of tower and a comparison of line costs, exclusive of conductors 
and ground wires for which the costs would be constant. 

It is believed that this method of analysis, i. e., using an 
actual or typical profile, affords a more accurate and reliable 
basis of determining economic normal span lengths and tower 
heights than the simpler method of considering only straight 

lines on a level profile. Fur- 
k i 1 | ther refinements in the way of 

18,000 - —- studying the effect of using a 

icnnn different height or more than 

M 16,000 Curve Description ~ one height for the heavier 

1 I J , I ota ' CosttExcluding : cost towers might be attempted, but 

§ - 2 cost of Towers it is questionable whether they 

^12 ooo ^ Cost of Right of Way would be warranted, m view oi 

^ ’_^ the many uncertainties in- 

2 io j00 o ___ volved, particularly in field 

= ’_______ work. It will be noted that 

£ 8( ooo___this study of economic balance 

| _is carried out on the basis of 

6,000 __the high prices obtained in 

__early 1918. A lower price level 

--would have some effect upon 

6oo 700 800 900 icoo the results, as would a different 

normal span of towers size or type of conductor and a 

different type of insulator, par- 
Fig. 18—220 kv. Transmission ticularly if it were stronger and 
Line — Determination of Econ- shorter. 

omic Span Relation of Span In the tower designs study has 
Length to Fihst Cost been made of the general form, 

of the dimensions of the main members and of approximate 
weights, but the designs have not been carried into the details. 
No designs have been prepared of tower footings, side hill 
extensions, etc., which are distinctly contingent upon local con¬ 
ditions and which have no direct or material effect upon the 


600 '700 800 900 1000 

NORMAL SPAN OF TOWERS 
IN FEET 


omic Span—Relation of Span 
Length to First Cost 


general line designs. Figs. 12 to 16 show the general types 
of towers proposed, with details as to dimensions, and as to 
working and test loads. Estimated weights are shown in Fig. 
19. The working loads were computed from the design load- 
i ngs under the most extreme conditions of angles and span 
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lengths for which the tower is to be used. In addition to the 
main margin of safety provided in the design loading, a further 
margin is introduced in the difference between working and test 
loads, i. e., 25 per cent for suspension towers and 35 per cent 
for angle and dead-end towers. It may be noted that a still 
further margin of safety will result when a tower is employed 
in a location imposing less than its maximum designed working 
load, a condition which will obtain for the major percentage 
of the line. 

After the study of tower locations was carried out, it became 
evident that there was economic justifications for a sixth type 



sho^Srf - P ? aI Hght Wdght type t0 be used Primarily on 
short spans m tangents. This tower is illustrated in Fig 20 

teiSt7Z C “ the d6sign Sh0wn for ^is %ht 

correspond to^h?! effected shortening the tower to 
STbeli^ IT T gS ° btainin S in short spans. 

should be sSLtTr 1 M lt S t mple t0W6rs of each d *%* 

“rs 0 r. si-—Xs 

obtain an «onomically consistent S, b Te mefhod *? 
making such tests, more elaborate and^ned meftods t ta°„ 
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hitherto employed might be developed to idvantage. It is 
desirable to ascertain not only the point and manner of failure 
under test, but also the simultaneous stress conditions existing 
in all important tower members. 

Tower foundations will be largely a special problem for each 
locality. The conditions governing present practise will apply, 



Fig. 20—220 icv. Steel Transmission Towers—Clearance Dia¬ 
gram—Type AA (Suspension)—For Vertical Angle 5 deg. and 
Horizontal Angle 0 deg. 


Conditions Causing Maximum Swing of Insulators Taken for Determining Tower 

Dimensions 




Horizontal Angle 




Pos'tion 

Span 

Turned by 
Conductors 

Wind 

Ice 

Temp. 

a 

1000 

0 deg. 

8 lb. 

0 in. 

0 or 120 deg. 

b 

1000 

0 deg. 

8 lb. 

0 in. 

0 or 120 deg. 


the only new considerations being the unusually heavy loads 
involved and the strong emphasis which must he placed upon 
dependability. In general, for most soils, earth foundations 
would probably be adequate for straight suspension towers, 
while concrete foundations would be necessary for full tension 
and heavy angle towers and probably^for semi-tension and. 
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light angle towers. Where concrete foundations are used, the 
tower should be carefully grounded. 

Protection of towers from deterioration is of more than 
ordinary importance owing to the great investment represented 
by a 220-kv. line and the long economic life which it presumably 
will possess. Galvanizing would seem essential and it should 
be heavy and carefully applied. Protection of joints and of 
steel at the ground line will call for every feasible precaution. 

Design Features of 220-kv. Station and Substation 

Equipment 

While, in general, the character and arrangement of equip¬ 
ment at generating stations and substations is not a part of 
the primary scope of this paper, there are certain features i n 
connection with this equipment which directly concern the 
feasibility and the economic and general advantages of trans¬ 
mitting power at this high voltage. Brief consideration of 
these features is essential to a study of 220-kv. transmission. 

The problems of interest, new or assuming particular im¬ 
portance in connection with equipment for a 220-kv. system, 
are of two types, those arising directly from the high voltage 
per se and those resulting from the relatively enormous capaci¬ 
ties and amounts of power involved in a system large enough 
to call for the use of such a.voltage. The handling of electrical 
potentials of 220,000 volts does not appear to involve any dis¬ 
turbing complications or uncertainties. In fact, the manu¬ 
facturers do not recognize that any serious problem exists. 
Current design principles and materials now in ordinary use 
will be employed, the principal difference from present high 
voltage equipment being the greater amounts of insulation and 
the larger clearances required. The step to 220 kv. is relatively 
no greater than that previously taken from 66 kv. to 110 kv., 
or from 110 kv. to 154 kv. Certain of the manufacturers have 
already developed designs, and assert readiness to undertake 
commercial production of 220-kv. equipment on short notice. 

The problems attendant upon the huge capacities which 
use of 220-kv. transmission makes possible and feasible,— 
generating stations of several hundred thousand kilowatts, 
interconnected systems of a half million or a million kilowatts,— 
are distinctly of a major order. From the purely physical 
standpoint, the principal problems are those of switching and 
'protection from short-circuit stresses. Both of these, it is 
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believed, can be handled satisfactorily. The more general 
questions of simplicity and reliability of operation and of 
efficiency and general economy attain a new order of importance 
and will probably lead to some significant departures from 
present practise in smaller scale systems. 

Design for such large capacities and high voltage centers 
around one cardinal principle, simplicity and intrinsic, strength 
of equipment rather than flexibility and external protective meas~ 
ures. The principal equipment units represent such, high 
values, both in service and in investment, that the maximum 
of continuous service should be obtained, and more careful 



•- p IG _ 21 —Typical Arrangement Diagram—220-kv. System 

attention and large expense are fully justified in assuring virtual 
eli mina tion of failures in service. The accompanying arrange¬ 
ment diagram of an assumed typical system, Fig. 21. indi¬ 
cates the extent to which the aim of simplicity is advocated 
in reduction of bus arrangements to a simple and even rudi¬ 
mentary form and in elimination of superfluous oil switches. 
In particular, attention may be called to the fact that no spare 
units, either generators or transformers, are provided, and none 
are contemplated. The investment in the large units will be 
so large that outage should be represented only by the irredu¬ 
cible minimum of apparatus troubles and maintenance, not by 
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the nearly continuous idleness of spare equipment. This com¬ 
plete omission of reserve units of major apparatus is of course 
predicated upon adequate reserve capacity being available in 
local generating stations near the load centers, as has been 
discussed previously. 

The obtaining of strength and high reliability of equipment 
is primarily a problem of construction economics rather than 
of system design, although the latter is an important element. 
Certain features of the problem are high reactance of generators 
and transformers, ample insulation of transformers and an 
efficient oil circulation system, high mechanical strength of oil 
switches, avoidance of low-voltage buses and low-voltage 
paralleling, and an effective and dependable system of relay 
sectionalizing. 

Study of the design and operation of 220-kv. equipment has 
brought out certain general principles or features which may 
be noted before taking up consideration of particular pieces of 
apparatus: 

1. High : Voltage Switching. All line switching, automatic 
or manual, should be done on the high-voltage side of trans¬ 
formers. This statement may come as a jolt to certain estab¬ 
lished ideas, but the further the switching problem has been 
studied, the more clearly does it appear that high-voltage 
switching is not only more simple but is more safe. The 
amounts of power involved, particularly under abnormal 
conditions, are so tremendous that the current values obtaining 
at lower voltages impose switch duties and heavy stresses 
generally which could be handled only with great difficulty and 
at an expense materially higher than would be required at 
220-kv., where the currents involved are relatively small. 

From the standpoint of automatic sectionalizing and con¬ 
tinuity of service, high-tension switching is obviously desirable, 
since defective circuits in tripping out will leave the trans¬ 
formers in service to continue supplying load from parallel 
circuits or alternative routes. 

2. Transformer Connections . All 220-kv. transformers, on 
the high-voltage side, should be connected in Y with the neutral 
grounded, as shown graphically in Fig. 22. The high poten¬ 
tials involved and the great lengths of line to be interconnected 
constitute conditions which might easily result in uncontrolable 
surges if the high-voltage circuits were isolated from ground. 
While grounding at one end of a line would materially alleviate 
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these conditions, more adequate stabilization of voltage, wi. 
consequent greater economy in equipment and security m 
operation, can be obtained by grounding at all points where 
transformers are located. It may be of interest to note a 
the voltage stresses on a 220-kv. grounded system (norma 
voltage to ground 127 kv.), will be less than for some certain 
existing isolated delta systems. There obtains also the genera 
advantage of grounded Y operation that automatic sectiona iz- 
ing is made more positive and reliable, a vital consideration on 
so large and important a transmission system. . 

The neutral should be grounded without resistance. e 
purpose of a resistance in the neutral connection is to limi 



Fi G . 22—Diagram of Transformer Connections 220-kv. System 

current flow into a ground on a line or in apparatus. For lower 
voltages where excessive magnetic stresses would result, the 
expedient is frequently desirable, but for 220 kv., where the 
short-circuit current values are relatively small and provision 
for handling the resultant stresses relatively simple, any 
benefit which might be gained would not be justified by the 
expense and complication which the use of resistance would 
involve, and it would in any case be more than offset by the 
impairment of the function of the ground in stabilizing poten- 

tlcilS 

3.' Protective Equipment. No equipment of any character 
is contemplated for protection against over-voltages. As a 
fundamental principle it is believed that investment ca 
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applied more effectively and with greater ultimate economy in 
providing greater margins of safety in the apparatus against 
the stresses which are likely to be encountered, than in attempt¬ 
ing to shi eld weaker apparatus by methods now known. For 
such a voltage as 220 kv., protective equipment would be 
proportionately more costly than in case of lower voltages and 
its efficacy more questionable. 

High-voltage protective devices are of two general types, 
those intended to protect against abnormal potentials at 
normal or low frequencies, and those intended to protect against 
high-frequency surges or steep wave fronts which might give 
rise to localized high-potential stresses in the windings of 
transformers and in other apparatus. For protection against 
high potentials, electrolytic arresters and other so-called light¬ 
ning arresters have been used extensively in systems of lower 
voltage. On a 220-kv. system with dead-grounded neutrals, 
it is not believed that any abnormal potentials are likely to be 
encountered which apparatus insulation cannot and should 
not be able to withstand. For protection against high- 
frequency effects, series reactances have been used and elabo¬ 
rate arrangements of reactances, condensers and resistances 
have been proposed. While probably high-frequency con¬ 
stitutes more of a real danger, it is considered that it can be met 
most effectively and economically by providing adequate 
insulation strength. 

220-kv. Transformers. The questions which naturally will 
be the first to arise in consideration of transformers for a 220- 
kv. system are those of size of units and three-phase vs. single¬ 
phase units, the two questions being to some extent inter¬ 
dependent. 

Considerations of simplicity in station arrangement and of 
economy in operation favor, in general, transformers of the 
largest size permitted by the conditions of each installation or 
by limitation of manufacture. Theoretically there seems no 
limit to the capacity of a transformer unit, but beyond a certain 
capacity the provision of strength to withstand the mechanical 
stresses of short-circuit current becomes a matter of such com¬ 
plication and expense that an economical limit will come into 
effect. At the present stage of the art, the manufacturers 
advocate that transformers be not attempted beyond 50,000 to 
60,000 kv-a. for three-phase units, or 35,000 to 40,000 kv-a. for 
single-phase units. Transformer cores and windings for these 
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apacities can be shipped assembled from the factories. Ad- 
ance quotations and estimates from manu ac ur 
rogressively lower unit costs up to these sizes. T e ec 
dvantage of large units depends not so much, ’ 

jwer unit costs as upon considerations of space, bus 
ion, number of switches, etc., all of which mvo v 
ess expense for larger units. The adverse difference m cost of 

landling facilities is not great. . , - t 

As to choice between three-phase and single-phase u_^, 
rom the standpoint of simplicity and cheapness of mstaJtet , 
Tree-phase units would be preferable. As to factory eost 
efficiency, there appears on the basis of information at present 
available to be little difference, three-phase transformers be g 
somewhat cheaper for same capacity of an an s 
more expensive for same capacity of unit. e . . 

which should be given the principle of providing high mtrm 
reliability of main units, rather than provi mg spare , 
materially reduces one of the principal advantages clain f d f ° 
single-phase transformers, that of the less capaci y requi 
reserve units. For large installations, three-phase units offer 
advantages. For relatively small substations it is believed 
that equally satisfactory service at less cost can be rend ® r J. 
a bank of two three-phase units as compared wlth oue ba 
single-phase units with a spare. Certainly a bank of three 
three-phase units would be superior, and the cost should be 

gr '^generating stations, operating and economic considera¬ 
tions strongly favor the generator and its transformer equip¬ 
ment as a unit. If the generator capacity should exceed th 
practicable limit of three-phase transformer capacity, there 
apparently would be a close margin of choice between using a 
single-phase bank or two three-phase transformers operating 

as a bank and controlled by one circuit breaker. 

In past high-voltage practise, probably one of the most 
troublesome features in operation has been the bushings. 
Experience indicates, however, that satisfactory bush g 
designs have now been developed and can readily be applied to 
220-kv. service. Bushings will of course be identical and 
interchangeable for transformers and oil switches. Tra 
formers will have but one high-voltage bushing per phase, the 
neutral ends of the winding not being insulated from the tan . 

The saving in equipment costs which has been noted as on 



1092 SILVER: POWER TRANSMISSION [June 27 

of the reasons for selecting grounded Y rather than delta for 
the 220-kv. transformer connections, is very marked in the case 
of transformers. Insulation is less throughout the whole 
transformer and extra insulation is required at only one end of 
the windings rather than at both, cores and tanks are corres¬ 
pondingly smaller, efficiency is higher, amount of oil required is 
less and bushings are lighter and shorter. 

The large sizes of installations involved in a 220-kv. system, 
together with the necessity for careful attention to maintaining 
-insulation strength and transformer reliability generally, will 
not improbably result in a radical change in the present method 
of handling and cooling transformer oil, i. e., the abandonment 
of cooling of oil in each transformer and gravity circulation of 
oil through the windings in favor of forced oil circulation and 
external cooling. The idea of external cooling is by no means 
new, but whereas for the relatively small installations of present 
practise it appears to involve unjustified complication and 
expense, for installations of the size here contemplated this 
condition will probably be reversed. The apparent advan¬ 
tages, briefly summarized, are as follows: 

a. Tanks smaller and cheaper due to elimination of cooling 
coils and smaller volume of oil in transformer. 

b. Positive circulation of oil and possibility of more 
accurately directing it in its flow through the windings to the 
points needed and in amounts needed. 

c. More effective cooling due to low temperature which 
may be obtained in incoming oil and more rapid circulation. 

d. Oil kept absolutely dry and always at maximum insula¬ 
tion strength due to possibility of sealing oil system against the 
atmosphere, a most important advantage for extra high-voltage 
operation. 

e. Oil may readily be filtered continuously to any extent 
des ; red. 

f. System as a whole more reliable and probably cheaper. 

Such an external transformer oil system might be developed 

to handle all oil in a common system, or to keep the oil for each 
transformer bank separate. The co m mon system would be 
somewhat cheaper and simpler, and hence preferable if ade¬ 
quate precautionary measures could be worked out to prevent 
contamination of the entire oil system as a result of a failure in 
one transformer. The system in either case would include 
cooling devices located wherever desired, probably in a pond or 
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stream, oil pumps, filters, a storage tank at a suitable Ration 
to provide circulating head, and at some point an expanse 
device which would maintain a reasonable pressure reg 
under conditions of varying volume of the enclosed oil d 
temperature changes. The entire oil system womd be effec¬ 
tively sealed against the atmosphere. Vital parts of the 
system would presumably be installed m duplica e, p 

being small in proportion to total cost of the statlon - 

A system of external cooling of oil may, at generating 
stations, open the way for a significant increase m overa 
efficiency. Transformer losses will amount to about 
cent of station output. Possibly half of this heat may be 
recovered from the oil by passing it, on its way to the fin 
cooling coils, through some device installed in the steam system 
between the condensers and the economizers Whi e no 
studies have been made of the economic feasibility of such a 
scheme, the physical possibility opens an mterestmg problem . 

220 -kv. Oil Circuit Breakers. A system such as here con¬ 
templated, with huge generating stations, numbers of the 
interconnected, and large synchronous condenser capacity 
substations, will necessarily involve unprecedented concentra- 
tions of energy at switching points, particularly m case of short 
circuits. The high duty required of circuit breakers to m 
this condition is a vitally important problem m the design 
such a system. It is, as has been noted, early evident m a 
study of the switching problem, that switching should be done 
wherever possible on the high-voltage side of transformers, 
since the high voltage can more easily be handled than the 1 g 
currents at lower voltage. Two hundred and twen y • 
short-circuit current values are not extreme, and m a 220-kv. 
circuit breaker the large clearances and switch opening 
necessarily involved by the high voltage contribute directly to 
giving the rupturing capacity required by the current to be 

Magnitudes of 220-kv. circuit-breaker duty will, of course, 
depend upon the size and arrangement of the 220-kv. system. 
With a system of the capacity and arrangement shown m 
Fie 21 the duty of a circuit breaker at the bus of eit er e 
larger generating- station or the larger substation would, 
according to approximate calculations be from 1,000 000 kv-a. 
to 1 500,000 kv-a., depending upon the length of the 220 kv. 
lines. At the smaller generating station or substation the duty 
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would be somewhat less. No difficulty should be involved in 
obtaining circuit breakers for this duty at 220-kv. With the 
gradual expansion which might be expected in such a power 
supply system, with other generating stations and substations 
added, extensive interconnections made in secondary networks 
and probably a considerable 220-kv. network established, there 
might be expected circuit breaker duties of 3,000,000 to 
4,000,000 kv-a. Manufacturers foresee no insurmountable 


difficulty in designing 220-kv. circuit breakers for duties of 
this magnitude. The duty on such an extensive system might 
be reduced by adoption of some degree of sectionalized opera¬ 
tion of the 220-kv. lines, but it is hoped that the need for 
such an expedient can be avoided. 

Two types of circuit breakers have been offered by the manu¬ 
facturers for 220-kv. high duty service. One type consists of a 
massive circuit breaker, each phase in one tank of heavy boiler 
plate, with two breaks in series for moderate duty and four- 
breaks in series for heavy duty. The tank is built according to 
the principles of boiler design to withstand the internal pressure 
generated by the opening under oil of the rated kv-a. loads, as 
predetermined by test and calculation. The tank is not 
designed to withstand explosions in the space above the oil, this 
hazard being eliminated by provision for thorough ventilation 

or other expedients to prevent formation of explosive mixtures 
in this space. 


. . , consists of two breaks 

m series per tank, one such tank being used for conditions of 
moderate duty and two tanks in series for heavy duty. The 
four senes breaks m the double-unit circuit breaker are operated 

S^ a r° U ! y ' TheSe tanks likewise are designed to with- 
stand the stresses generated under the oil under conditions 

of maximum duty, but m this case the full stresses are not 

r“ u r , the tank - ** Wed 

dkmete inT e f lgned explosion chamber > of relatively small 
inStl fore? of 1 any [ eqmred strength ’ which confines the 
pre sires whil T T* ^ SerVes both to reduc c the 
this force as at S? ■ UP ? n , the main tank > and to utilize 
of circuit brea W “ f t] f gUlshlng the ar c. With this type 

r* W0UW PrDbaWy be Called 

power concentrationf h SyStem brought about 

ingle unit. s ° f the rupturm £ capacity of the 
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It is believed that eit her of these types of circuit breaker will 
K ive satisfactory service on a 220-kv. system. 

220'-At. Air-Break 1 lisconiurtors. Air-break disconnectors 
for 220-kv. service present a problem which, while distinctly of 
a minor character in relation to the general problems of 220-kv. 
construction, is troublesome, and for which no wholly satisfac¬ 
tory designs have thus far been olfered. The difficulties 
attending development of such disconnectors do not concern 
feasibility, since a disconnector which will operate acceptably 
can be built after exist mg designs, but concern rather avoidance 
of unnecessary expense, space 1 o.juh ements, and genetal 
complication. The problem is one of making a firm high- 
capacity contact, without incurring hazard or undue inconven¬ 
ience to operators or t o seta ice, under any sort of weather 
conditions, between two elements supported by long, heavy, 
cumbersome and somewhat tragile insulators. 

These 220-kv. disconnectors would be used to disconnect an 
oil switch from or connect it to a live line or bus. If is 
contemplated that such a switch need be able to break 
charging current of a 220-kv. transformer, although a switch 
capable of this duty would lie valuable if it could be developed. 
It might- lie used to take tin* place ot a 220-k\. cheuif bieaket 
in some cases or to give added llexibiiity in cases where trans¬ 
former circuit, breakers were not provided. 

In situations where disconnectors need not be operated with 
either pole alive, as for instance between transformers and 
transformer circuit breakers at the generating station in big, 
21, the cumbersome 220-kv. disconnector would not be needed, 
and some form of simple readily removable link would be used. 

Generating Station Arriuiytiaeiit. Simplicity should be the 
dominating principle in t he electrical layout oi the genet ating 
The generator and its transformer should be a unit 
>!•(. should he no low-voltage bus and no low-voltage 
For stations of the size contemplated, a bus at 
generator voltage w<n 1 1 < 1 involve such tremendous duty on oil 
switches, such elaborate seel.ionalizing reactances and, 
general, such expense and hazard to reliability ol operation, < 
without any material benefit, that it.- unquestionably should be 

omitted. 

Preferably, although not necessarily, a specific bank of 
generators should be assigned to each 220-kv. circuit, thus 
enabling segregation of circuits at the generating stations, if 
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desired. The economic capacity of a 220-kv. circuit is roughly 
100,000 kw. to 150,000 kw., so that usually this would mean 
two, or possibly three, generators per circuit. In case condi¬ 
tions governing generating station practise should favor larger 
generators, say of the order of 100,000-kw., and if satisfactory 
units of this capacity should be developed, simple station 
layout would be possible by using one generator to each 220-kv. 
circuit. 

In case it were necessary for a 220-kv. generating station to 
deliver power also at a lower voltage, for instance 66 kv., it 
would still be desirable to avoid a bus at generator voltage. 
The preferable arrangement for such a station would be a bus 
at each line voltage, each fed by its own generators. These ftyo 
busses might or might not, depending upon the particular 
conditions obtaining, be interconnected by transformers. 

The omission, of the low-voltage bus would not complicate 
the problem of auxiliary station service, since good practise 
already provides that such service shall be supplied from a 
special generator rather than from the station bus. 

Synchronizing at 220-kv. can be effectively accomplished, it 
is believed, by an adaptation of the static synchroscope. 

Main Substation Arrangement ., Two hundred and twenty- 
kv. substation layout will be influenced largely by the particular 
local conditions of each installation. The usual type will 
probably serve to step down from 220 kv. to a secondary 
transmission voltage, such as 66 kv. or 110 kv. In such a case 
it will, in general, be necessary to have both a primary and a 
secondary bus system,—at 220 kv. a simple bus with sectionaliz- 
ing circuit breakers, at secondary voltage, where greater 
flexibility would seem desirable, probably a ring bus. Owing 
to the high current values which would obtain at the secondary 
voltage, (it should be kept in mind that the large condenser 
capacity will aggravate short-circuit conditions), it appears 
advisable to provide sectionalizing reactances in this bus. 

Synchronous condensers, of such capacity as may be de¬ 
manded by length of 220-kv. line, amount, load factor and 
power factor of load, will be provided for each transformer 
bank. In the usual case, these condensers will be connected to 
a third winding in the main transformers. This method of 
connecting the condensers appears to be simpler, cheaper, and 
equally reliable as compared with connecting the condensers to 
separate transformers on the low-voltage bus, although the 
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corrective effect would not apply to the secondary windings 
Three-winding 220-kv. transformers, with the tertiary v 
of 50 per cent of the capacity of the 220-kv. winding, 
cost about 15 per cent more than two-winding transformer 
The voltage of this tertiary winding and of the condenser 
would be as high as may be found practicable for satisfactory 
operation of this type of apparatus* 

In cases where the secondary substation voltage were 
range of generator operation, 11 kv., Ill kv. or 22 kv., thee* 
(leasers might be connected directly to the secondary bus. 
Relay System. The station and substation arranpemer 
which have been proposed are predicated upon a relay systi 
which may be depended upon for effective and consistent 
automatic operation, /. c,, for insuring that a faulty piece of 
'ransmissiun line, or low-voltage feeder will lie cut 
, correctly, promptly and in such a manner as to avoid 
interruption to the other elements of the system, Complete 
multiple operation of all 220-kv* apparatus, stations and lines 
is feasible only with a thoroughly dependable relay system, 
view of the encouraging developments in ih 
i recent years, and of the fact t hat on such ; 
system much effort can be concentrated in wofi%u 
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solution, it seems reasonable to assume that an ?*'***«»* 
system will be available. 

Complete 220-kv. multiple operation is essenti 
economy and service reliability from ti 
resort, to sectional ized operation, due to lack 
unreliability of circuit breakers or any oilier r 
be looked upon as a distinct failure to develop tl 
bilities of the system and as a temporary expedie 
pensed with as soon as possible. With oomph 
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arrangement and cost, particularly of substation apparatus. 
These estimates are based on early 1919 prices, and apply to 
station capacities of 200,000 kw. and larger at 220 kv. 

Step-Up Substation. Outdoor 
transforming and switching struc¬ 
tures and equipment (220-kv. 
apparatus and connections only), 
installation and indirect expense. 

Step-Down Substation. Outdoor 
transforming and switching struc¬ 
tures and equipment (does not in¬ 
clude low-tension feeder bus or 
feeder switching equipment) syn- 
chronous condensers of capacity 
for length of connected lines, 
building, control equipment, in¬ 
stallation and indirect expense.... 

Transmission Lines. Single cir¬ 
cuit steel towers suspension insu¬ 
lators. 

Towers.$8000 per mi. 

Insulators and Hardware. 2800 per mi. 

Conductors and Ground Wire.... 5000 per mi. 

Special Structures. 1000 per mi. 

Right-of-way. 3000 per mi. 

Indirect expense... 3700 per mi. 


Total. 

Total Cost 220-kv. Transmission. 

100 mi. 

200 mi.. 

300 mi.. 

Conclusions 

1. It is generally recognized that the country’s industrial 
advancement will require increasingly great amounts of electric 
power, particularly in view of the relation between use of power 
and unit productiveness of labor, and that this power must be 
supplied in accordance with a rational policy of conservation 
of our greatest national asset, our fuel resources. This points 
to the necessity of large scale transmission of power from distant 
points of generation at the energy sources, coal fields and water 
powers. 

2. Two hundred and twenty kv. appears a logical choice for 
such large-capacity, long-distance transmission, which is clearly 
beyond the economic range of present transmission voltages. 
Two hundred and twenty kv. is high enough to meet pending 


$23,500 per mi. 

$40 to $45 per kw. 
60 to 65 per kw. 
80 to 85 per kw. 


$8 to $9 per kw. 


$15 to $20 per kw. 












1919] 


SILVER: POWER TRANSMISSION 


1099 


requirements in power supply evolution but not so far beyond 
existing practise as to involve question of its immediate 
feasibility. 

3. Design of a 220-kv. system brings up important problems, 
new in character or significance. These problems are due 
rather more to the large amounts of power involved than to the 
high voltage. 

4. Two hundred and twenty-kv. power supply will require 
unprecedentedly high service standards, load factors will be 
high, particularly at the start, and the frequency should be 60 
cycles. For full economy the load for each 220-kv. circuit 
should be 100,000 kw. or higher. 

5. The selection of type and size of conductor is an important 
economic problem involving a balance of many factors. Cor¬ 
ona does not enter as an especially serious limitation owing to 
the large size of conductors otherwise required. Research is 
needed as to best method of stringing conductors. 

6. Insulators of present commercial disk types can be made 
to give acceptable service, but there is need of an insulator 
more efficient electrically, stronger mechanically and of un¬ 
questioned durability* There is opportunity for valuable 
research and development work in this field. 

7. The familiar single-circuit rigid type of steel tower ap¬ 
pears to be most conservative for immediate use, owing to its 
reliability having been demonstrated by experience. The field 
offers promising possibility for development of other types of 
single-circuit and multiple-circuit towers. The economical 
span length (here taken as 800 ft. normal), may vary with the 
factors of each situation. A series of standard towers of 
graduated weights will be advisable. 

8. The basic idea of 220-kv. station and substation design 
is simplicity and intrinsic strength of equipment, rather than 
flexibility and external protective measures. 

9. Transformer connections should be Y on 220-kv. side 
with neutral dead grounded. Development of 220-kv., large 
capacity transformers presents no undue difficulties. Fre¬ 
quently the design might advantageously employ forced oil 
circulation with external cooling. Present types of bushings, 
suitably adapted, seem satisfactory for 220-kv. service. 

10. The 220-kv. system should be laid out for multiple 
operation and switching should be done at 220-kv. A thor¬ 
oughly dependable and carefully coordinated relay system is a 
basic requirement. 
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11. Development of circuit breakers presents no serious 
difficulty from standpoint of voltage, and it is believed that 
proposed designs will be adequate for the duty which will be 
demanded. 

12. At generating stations each generator and its step-up 
transformer bank should be treated as a unit. There would 
be no low-voltage bus and no low-voltage circuit breaker. 

13. At substations each transformer would be a unit with a 
synchronous condenser supplied from a tertiary winding. 

14. The studies which have been made and the tentative 
designs which have been built up serve to establish confidence 
in the conclusion that 220-kv. transmission is immediately 
feasible as a commercial proposition. 

15. It is hoped that public presentation of these 220-kv. 
studies may serve in some measure to facilitate the working out 
of this advance in the transmission art, and that in particular 
it may promote interchange of ideas, bring out constructive 
criticism and stimulate needed investigations. 

The author wishes to offer acknowledgment and express ap¬ 
preciation of the assistance of his associates and of various 
engineers and manufacturers whose ideas have been sought 
and freely used in the preparation of this paper. 
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Discussion in “Problems of 220-kv. Power Transmission 
(Silver), Lake Placid, N. Y., June 27, 1919. 

W. S. Murray: I think Mr. Silver has made a contri¬ 
bution apropos of the times and for it I have had in mind for 
some time a very concrete application. 

The time is before you for very large things and it would 
seem to me that 220,000-volt transmission will offer an op¬ 
portunity to exercise ourselves in that field. 

The amount of waste due to improper generation of power, 
its transmission and application, is something enormous— 
far beyond, I think, the conception of many of you here pres¬ 
ent. I can epitomize such a statement by saying that I be¬ 
lieve that a careful investigation will show that in the Boston- 
Washington territory, 450 miles long and say 100 miles inland, 
the amount of waste is about $300,000,000 per annum. 

The plan of the super-power transmission to save that waste, 
is to establish on the coast, stations in which there will be units 
not smaller than 35,000 to 40,000 kw., each of these stations 
aggregating 50,000 to 1,000,000 kilowatts as a whole, and 
at the same time developing such hydroelectric points on 
rivers and steam stations at the mouths of mines as will eco¬ 
nomically justify themselves; all of this power so generated 
being transmitted to the super-power line to give an economy 
of between ten and eleven pounds of steam per kw-hr., the 
• consumer securing it s5y somewhere between twelve or thirteen 
pounds. 

The average rate for the generation of power throughout 
territory taking into account the steam power factory drive 
is somewhere between twenty-five and thirty pounds of steam, 
per kw-hr. Thus this rate would be cut in two. 

In my experience with railroad electrification there is no 
question that the present economy of the electric engine over 
the steam, taking passenger, switching and freight, into con¬ 
sideration is in a ratio of two to one. In the case of steam 
driven factories it would be much greater than that. 

The load factor of a steam railroad, say on the order of the 
New York Central or the New York, New Haven & Hartford, 
can be made to be 70 per cent. On the New Haven there are 
opportunties on its main line division of making it 75 per cent. 
As we all know, the load factor of the central station is good if 
it is 35 per cent to 40 per cent and so, in combination with the 
load factor of the railroads and that of industrial power and 
lighting, we might hope to get an average load factor of some¬ 
thing like 50 per cent. 

The idea of economy alone is good but the plan is even far 
more reaching when we consider that we must create very 
shortly some form of common carrier for power. I think that 
you will be surprised when I tell you that the cargo space used 
by coal shipment today on the Northeast Atlantic seaboard is 
40 per cent and this means that our industrialism, which is 
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expanding tremendously (all the earmarks of it are before us 
now), the necessary transportation to take care of it falling 
far behind, and therefore if we can take this enormous coal ship¬ 
ment off the rails and put it up overhead, we will take a tre¬ 
mendous burden off of the railroads. 

There are two great things that enter the consideration of 
this matter. One is the question of the coal men who will only 
have to carry one pound of coal against two, if the economies 
I have suggested are correct. The answer is not to say to the 
coal man that his railroad is going to be knocked out of its divi¬ 
dends if it is a coal carrying road, but that his road is going to 
become the highway for new industries. New industries will 
spring up along that road and the space created by eliminating 
a part of the coal, will give space for the new industrial com- 
• modities which can be hauled at a higher rate. 

In other words, it is a constructive and not a destructive 
policy. 

The other most important question is the matter of the obso¬ 
lescence of the plants already established. What are we going 
to do with them? The answer to that, I think, is not a difficult 
one. We are going to use those plants and we will use them 
this way: On peak load they will be a most valuable asset in 
the regional system. On light load they will be most valuable 
as condensers to take care of the idle or magnetizing current 
in order that the larger generating units may generate at maxi¬ 
mum efficiency the real power. Thus instead of facing ob¬ 
solescence their life will be extended in this new field. 

Another question: What will be the corporate status of 
the present companies? The primaries of today will become 
the secondaries of tomorrow. The power will be generated in 
bulk and be transmitted to the present companies who will 
maintain their present entity as distributors and so far as 
franchise rights, etc., are concerned, will remain exactly as 
they are today. 

If an investigation is made, and I trust will be, and we find, 
as I have stated that there are $300,000,000 being wasted in 
this zone, it seems to me that as we are now mining some 75,- 
000,000 tons of coal anthracite, and we have only got 75 years 
of it left, and as we have jumped from 100,000,000 of bitumin¬ 
ous coal mined per annum to 580,000,000 that every engineer 
must fight for this conservation plan. 

It is very well to say that we have 3,000,000,000 tons of coal, 
which we have, in this country but where is it? It is not in a 
place where it can be economically transported. Much of it 
is away out in the Alaska_fields. Of course we have the Penn¬ 
sylvania, Illinois and Ohio fields but if you can see the acres 
that have been taken out of them you will see the force of the 
necessity of our economizing, I think, as much for ourselves as 
for the sake of posterity. 

I want to leave a final thought with you in this statement: 
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When the matter of this investigation is presented to Congress 
an appropriation will have to be made to cover the work, and 
I think that we ought to all of us consider this not a local mat¬ 
ter but a national one. It seems to me that this viewpoint is 
fair enough. The Senator from Ohio or the Senator from Ne¬ 
vada or even the Senator from California might get up and 
say “Well, why not make a super-power transmission in our 
territory? Why should we not vote for the Northwest Coast 
instead of the Atlantic seaboard?” 

I think that that would be a very short-sighted attitude be¬ 
cause the finishing shop of the United States is on the North¬ 
east Atlantic seaboard for American industry. There is very 
nearly 80 per cent of the country’s industry concentrated 
right here. Now, if we are going to maintain the American 
standard of wage, and living while competing with the world 
—and this is the great angle of vision we should take now— 
that is where the American product must continue to be 
finished and placed on shipboard. 

I was very happy indeed at the Boston Section to have that 
branch of the American Institute of Electrical Engineers, vote 
a resolution of approval of Secretary Lanes’ proprosed appro¬ 
priation to cover this investigation and as I said before,. we 
can just visualize this great line constructed as described, into 
which is fed a kilowatt hour at an expenditure of ten pounds 
of steam keeping in mind for economies sake the wonderful 
contributing factors of load factor, to say nothing of break¬ 
down service which will be established between plants. Surely 
this is a sound vision, it is certainly not impractical. 

I don’t believe I could leave a better slogan with you in 
closing than saying, that lately we have been spending billions 
for destruction for preservation, now let’s spend billions for 
construction for conservation. 

W. M. Dann (Pittsburgh): The transformers that Mr. 
Silver speaks of are certainly very interesting on account of 
their size and the high operating voltage. They are the 
largest units that have so far been proposed seriously, but I 
believe the manufacturers feel no hesitancy at all in building 
units that will be dependable and reliable in service. 

On page 1091 referring to the choice between three-phase and 
single-phase units, it seems to me that all the arguments are 
in favor of single-phase units, particularly since the three-phase 
unit as large as 100,000 kv-a. seems to be impractical at the 
present time. For a bank of that size three 85,000-kv-a. single¬ 
phase units will be cheaper than two 50,000-kv-a. three-phase 
units. The switching would be simplified, the floor space re¬ 
quired would be. less and there would be some gain in efficiency. 

The high intrinsic reliability which Mr. Silver refers to can 
almost be said to be characteristic of power transformers now¬ 
adays because they are actually responsible for very little real 
trouble. However, 100 per cent reliability is an ideal which we 
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will have to admit has not yet been reached and it seems to me 
from the point of view of insurance that it would be unwise to 
figure on operating such a big and important system without 
spare transformer capacity. If this is conceded, the argu¬ 
ments in favor of single-phase units are even stronger. 

The statement is made that for relatively small substations 
equally satisfactory service can be rendered at less cost by a 
bank of two three-phase units as compared with one bank of 
single-phase units with a spare. It seems to me that the argu¬ 
ments are in favor of single-phase units particularly since 
spare units are provided with the single-phase and not with the 
three-phase transformers. 

Operating the generator and the transformer equipment as 
a unit will very likely meet with pretty general approval. 
Here again I believe that the choice of units is in favor of the 
single-phase transformer. 

The suggestion that the future may see a radical change in. 
the present method of handling and cooling transformer oil is 
certainly a very interesting one. Heretofore the forced cool¬ 
ing of transformer oil has not been very common and not very 
popular and the reason it has not been popular is the expense 
and complication and the lack of real necessity for the forced 
cooling system. It may be that in connection with trans¬ 
formers of this unusual size, experience may bring up some 
new points which will make it seem a little more desirable. 

On page 1092 is given a list of apparent advantages for the 
forced cooling system and just to take the opposite side of the 
argument for the moment, I would like to submit a few points 
to go with this list: 

(a) Tanks are smaller and cheaper due to eliminating the 
cooling coils. The saving in size is really not very great. It 
appears only in floor space because the height is practically 
fixed by the insulation and the length of the bushings for 220-, 
000 volts. In other words, the height of the transformer is 
practically the same whether the cooling coils are internal or 
external. The saving in cost, if copper cooling coils are taken 
into consideration, amounts to from 5 per cent to 8 per cent. 
If iron cooling coils are taken into account, the saving is con¬ 
siderably less. This is not a net saving, for the cost of the ex¬ 
ternal system with its pump and motor is greater than the 
internal cooling s coils. 

(b) Assuming that the ducts in the windings are free from 
restrictions and that there are no places where the oil does not 
flow naturally in response to the thermal head, there is nothing 
more positive in circulation or more positive in cooling than 
the natural flow of oil set up by the heat of the windings and 
it would seem that forced cooling should be unnecessary un¬ 
less some new and compelling reasons are developed to justify 
it. 

I question whether the rapid circulation of oil in a water- 
cooled transformer is fully appreciated, for it is really more 
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rapid under the natural conditions than with forced cooling 
unless the external piping and pump are unreasonably large. 
The thermal head in a transformer forms one of the most effi¬ 
cient pumps. Anyone who has ever looked into a transformer 
when operating under load will remember the boiling of the oil 
at the surface due to the strong circulation. 

(c) The temperature of the oil at the bottom of the case is 
dependent only on the size of the cooling plant, irrespective 
of whether it is internal or external, and low temperature of 
the ingoing oil is not specially characteristic of the forced 
cooling system. 

(d) The oil must of course be kept absolutely dry, and if 
it is conceded that we can’t get reliable cooling coils placed in¬ 
side the transformer, then the present almost universal prac¬ 
tise would have to be abandoned. It seems to me that we can 
count on reliable coils and perhaps the risk of getting water 
into the oil is not very much greater than the risk of getting 
air into the external system through the piping and pump, and 
that of course would be a very serious thing with these high 
voltages. 

(e) Continuous filtering of the oil can be carried out whether 
the transformer is cooled by natural cooling or by forced cool¬ 
ing. It would be impracticable to filter the main flow of oil 
supplied to a transformer of this size because the volume is 
too great. 

(f) It may be that when we get used to large systems, 

having these high-voltage transformers, the forced circulation 
of the oil may appear to be more desirable and perhaps cheaper 
tha n it has heretofore, but experience up to the present time 
really does not indicate it. , 

I happen to have had some experience with a 14,000-kv-a. 
three-phase transformer which is cooled with a forced circula¬ 
tion of the oil through an external system. This is quite a 
little smaller than a 35,000-kv-a. or 40,000-kv-a. single-phase 
unit but its test results are interesting and it seems as though 
they ought to be useful in considering the forced cooling of 
large transformers. This transformer is supplied with 270 
gallons of oil per minute and is circulated by means of a pump 
driven by a 10-h.p. motor. The maximum temperature at 
the top of the oil is 51 deg. cent, and at the bottom, before it 
enters the case, 45 deg. making a difference of 6 deg. from 
bottom to top. 

Now, if that same transformer were cooled in the more usual 
way with water circulated in internal cooling coils, it would 
require approximately 60 gallons of water per minute and a 
pump requiring not over 2 h.p. to drive it. The temperature 
of the oil at the top would be 51 deg. cent., the same as before, 
but at the bottom it would be 47 deg., a difference of only 4 deg. 
from bottom to top. The temperature of the water is 25 deg. 
cent, in both cases. 
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The interesting points here are that: 

T (1) The difference of temperature of the oil from bottom to 
top as a water-cooled unit is only two-thirds of what it is as a 
forced-cooled unit. This means that the circulation of the oil 
is about 50 per cent more rapid and 50 per cent greater in 
volume when the transformer is cooled with the natural circu¬ 
lation. This is a good illustration of the rapid flow of oil in a 
water-cooled transformer, which I said a moment ago perhaps 
is not fully realized. The thermal conditions tending to pro¬ 
duce the rapid circulation of the oil in a water-cooled unit, are 
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all present when it is operated, as a forced-cooled unit, but the 
restriction, to the flow of the oil in the piping and the external 
cooling coils is great enough to pull the flow down to about 
two-thirds of what it would be as a water-cooled unit. In 
other words, the efficient pumping effect of the thermal head 
plus the external pump are not sufficient to produce the flow 
that would result from the thermal head alone simply on ac¬ 
count of the friction head of the external system and the only 
way to bring the circulation up to a par with the natural water- 
cooled circulation would be to spend an unreasonable amount 
of money on the external piping, pump and motor. Now this 
may seem surprising to some but when one stops to think that 
it requires very little pressure to make the oil flow up through 
the windings and to return it down the sides of the case and 
that it requires a very considerable pressure to circulate it 






1919] DISCUSSION AT LAKE PLACID 1107 

through the external piping and cooling coils, the results are 
not so surprising. 

(2) The temperatures are more uniform under the natural 
cooling condition than with the forced cooling condition in 
this transformer. This follows as a natural result of the 
greater flow of oil. 

(3) If enough money were spent in pump and motor to 
double the flow of oil that exists under the forced cooling con¬ 
ditions the gain in maximum oil temperature would be only 
1.5 deg. over the natural water-cooled condition and the 
expense of this undertaking would be practically prohibitive. 

Looking at this problem from the point of view of simplicity, 
it would seem to be a better proposition to .go into the tank 
directly with the cooling medium and carry the heat away 
rather than to provide means for removing all of the oil with 
its heat units from the tank, carry it to some external point 
and there extract the heat and then return the oil to the tank. 

Really, the big problem in cooling a large transformer is the 
problem of getting the heat out of the coils into the cooling 
stream of oil, and usually the cooling of the oil itself can very 
easily be taken care of without resorting to the forced cooling 
system. 

After we have studied this problem of cooling unusually large 
transformers during the next year or two, perhaps the forced 
cooling system may show up to a little better advantage. I 
think it will be very interesting to watch the developments of 
the next few years. 

Philip Torchio: I am representing in my employment, 
central stations. I want to say from the start that the central 
station as an industry don’t care how the power is generated. 
Whether they generate it themselves or if they buy it from out¬ 
side sources, it is the same to them. The central stations are 
purveyors of power to the public _ and they are not concerned 
about the question of selfish motives to have it generated lo¬ 
cally under their direct control or from an outside entity, pro¬ 
vided that equal cost can be secured and equal reliability of 
service can be given to the customers. 

So, in commenting on the interpretation of Mr. Silvers 
paper in the broad generalization and application to the solu¬ 
tion of the power problem of the nation, I want to put an em¬ 
phatic den ial on record that the central stations have any selfish 
motive in raising any question or any objection to such plan. 
In fact, the question of securing economical advantages of tie 
connections has been one of the characteristics of the central 

station industry. . . , 

In the particular field of activity of my people, we have prob¬ 
ably been leaders in the interconnection of systems. We have 
had interconnection between the stations of the lighting com¬ 
panies and the railway companies since 1899 and they have 
been added thereto from year to year so that all the stations 
in that territory are now interconnected in one system. 
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In commenting on the general problem of power supply to 
the nation, as the time is short I want to refer you to a discus¬ 
sion I presented in January 1918, on Mr. Jackson’s paper. 
In that discussion I brought out emphatically the essen¬ 
tial necessity for the states east of the Rocky Mountains to 
develop to the highest degree the steam power plants. The 
question of utilization of water power is secondary. We have 
very little water power available east of the Rocky Mountains, 
except at one location, the Niagara and St. Lawrence River, 
and for the application of those powers I also made certain 
suggestions, which I think should be given serious considera¬ 
tion by the Congress Committee if such a Committee is ap¬ 
pointed. 

Now in our daily studies of supplying power to important 
centers or important industries, we are meeting daily with the 
question “Can you as safely transmit it ten miles away? If 
you have to cross a river, wouldn’t it be better for us to have a 
station?” Now here comes a suggestion to go 250 or 300 
miles. _ I don’t think that the public is much concerned on the 
theoretical savings that, can possibly be made by having the 
power delivered from a distant point, two, three or four hundred 
miles, versus the power generated locally, which may be a dif¬ 
ference of one-tenth of a cent per kilowatt hour. They are 
more concerned that the power be reliable, continuous. 

In 1911 I presented a paper to the Turin International Con¬ 
gress on the latest development of high-tension transmission 
which was then 120,000 volts. Being a delegate of the Asso¬ 
ciation of Edison Companies, I transmitted to the Association 
the paper presented at the Congress, with a supplemental re¬ 
port, headed “What the Central Station Can Gain from the 
Latest Development of High-Voltage Transmission.” While 
the report did not state specifically the location, still it covered 
the territory between Boston and New York, a part of the 
territory that Mr. Murray has described. I recommend that 
that paper be considered, because it gives the values of what 
you can gain and visualizes the relative advantages. 

Returning to the point of reliability of service, Mr. Murray 
says the plan contemplates using the existing stations for peak 
loads. I assume that in a district like Greater New York the 
peak load would occur in the winter months, usually between 
November and February, and I imagine that during that period 

iwr e s 1 { : ^ lons would be under steam. I don't understand what 
ivir. Murray had m mind about the summer months. I imag¬ 
ine that he would use the transmitted power when the loads 

: ' u S + U i’A ng summer months, when the loads are 
ormally about 60 or 70 percent of the maximum winter load. 

It may interest you to know that on June 20th, 1919, a few days 

'tvp'vnl tl°n - 0 i? °f °y °f the clear sky, suddenly darkened, 
we got the highest load in the history of our company. 
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Now how could the customers be supplied from a peak sta¬ 
tion, shut down? It would be impossible. We will have to keep 
those stations under steam. Now when you keep stations 
under steam you have a great loss in banking fires and radia¬ 
tion, and those losses must be considered. 

A valuable paper has been presented to the Smithsonian 
Institution by Mr. Pogue and another writer, emphazing the 
necessities of this power problem and the necessities of having 
power transmission lines the same as we have passenger and 
freight communication lines. 

But I think one thing is overlooked, that we must use coal 
to generate our power. It makes very little difference in the 
saving of coal if we generate the power at the mine or if we 
generate it at tide-water or in Chicago. The only possible 
saving is of lightening the load on the railroads. 

The point I have made in my quoted remarks is that by 
keeping up the development of the central stations as we are 
doing it, securing for our increment power the high efficiencies 
of which Mr. Murray speaks, and we concentrate all our com¬ 
bined efforts along the lines which the central stations are fol¬ 
lowing, we will get out from coal all there is in it, the same as 
if we generated the power at the mine. Our goal must be to 
concentrate all efforts to prevent the small uneconomical plant 
from generating power. Those are the people that use the 
thirty, forty and fifty pounds of steam. We must also stop 
the trunk railroads from using from one hundred and twenty- 
five to one hundred and fifty millions of tons of coal a year at 
5 per cent efficiency. 

Now if we generate that power in our stations and we realize 
with these intercompany ties that I was proposing eight years 
ago, we will secure all the advantages that Mr. Murray points 
out, and we will give to the customer a more reliable service 
than if we tried to supply it with power over long distance 
transmission lines. 

The time is short and I want only to emphasize this feature, 
that the central stations are not advocating from a selfish stand¬ 
point the higher development of their plants, but they are logi¬ 
cally fulfilling a line of economic development. If we carry 
out that development we will reduce from one-half to two- 
thirds the freight for power coal on our railroads. Then the 
gradual electrification of trunk railroads will double their car¬ 
rying capacity and the question of congestion of traffic will be 

solved in a logical way and in a saving way. 

S, W. Mauger and R. M. Spurck: The importance of the 
subject and the advantages shown by Mr. Silver in the use of 
220-kv. transmission, warrants some comments from the stand¬ 
point of the designing engineer and we are therefore presenting 
the following remarks on line insulators, switching devices and 
relays, confirming Mr. Silver’s conclusions. . 

1. Although it is believed that the values shown m Fig. 9 
for the dry flash-over voltages of insulatot strings, is somewhat 
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low for strings of 8 units and more, the values which it is be¬ 
lieved are more nearly correct, are not enough higher to neglect 
the additional advantages that can be obtained from grading. 
Such grading appears to be practically feasible. The use of 
shields, however, offers many mechanical difficulties that would 
make the results obtainable not worth the added complication. 

Very little reduction in-the flash-over voltage of strings of 
units is expected when such strings are combined in multiple. 
Attention is called to the probable mechanical difficulties in¬ 
volved in shielding strings of multiple units. 

We believe that a great part of the insulator trouble noted by 
Mr. Silver, has been confined to insulators having cemented-on 
metal fittings. Practically no trouble has been experienced 
with the link type of insulator, which has no cement and whose 
design is such that the insulating section is maintained in com¬ 
pression. ,. . 

The completion of the development of new designs of hard¬ 
ware promises further extension in the use of existing designs of 
link insulators which already have a service record, indicating 
that they are suitable for 220-kv. transmission with the moder¬ 
ate mechanical loads ordinarily required. 

For higher mechanical loads, a similar insulator of much 
more rugged design and capable of handling the heaviest me¬ 
chanical load estimated for the present 220-kv. transmission 
problems is being developed. 

2. Eliminating low-tension switching is a big step m reduc¬ 
ing the complication involved with such large units as are re¬ 
quired for economical operation at 220-kv. and the saving will 
go a long way toward paying for the increased cost of the high- 
voltage switching apparatus. 

This, of course, can only apply to generating stations, but 
in substations the voltage to which the transformers are stepped 
will be high enough to obviate the very heavy currents. 

As Mr. Silver brings out, the handling of very heavy cur¬ 
rents involves more difficulty aside from the question of space, 
than the handling of very high voltages. 

3. Mr. Silver makes an apparently bold recommendation 
regarding protective equipment, but with the great saving in 
line conductor cost, we can possibly afford to spend a little of 
this saving in making our insulation proof against over volt¬ 
age. This is at least worthy of careful consideration. 

4. As far as oil circuit breakers and line disconnecting 
switches are concerned, we have found no design problems that 
cannot be worked out and the performance of the apparatus 
predicted with a fair degree of accuracy from designs and per¬ 
formance data on similar apparatus for lower voltages, namely, 
those voltages between 100 kv. and 155 kv. 

In oil circuit breakers for 220-kv. in order to obtain the de¬ 
sired insulation, it is necessary to have exceedingly large tanks 
on account of the large breaks between contacts and large clear- 
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ances between contacts and tank, and we believe therefore, 
that it is advisable to have a smaller and very strong arcing 
chamber which will relieve the tanks from stresses occasioned 
bv opening large amounts of power. These explosion chambers 
also are very efficacious in breaking the arc because m their 
design the pressure of the gas is utilized to a good advantage 
in blowing fresh oil through the arc stream, thereby assisting 
in effecting a prompt extinction of the arc. Such breakers can 
be supplied with two or four breaks per phase, with four break 
design having all four breaks in one oil vessel or preferably two 

breaks in each of two oil vessels. 

5. 220-kv. air break disconnectors must necessarily occupy 

considerable space, which of course involvesdifficu ty m e- 
sign and operation as well as expensive structures for support- 
ing the switches. We cannot hope for any change m these 
conditions, but it is felt that the conditions can be met with en¬ 
tirely operative and rugged designs, even if necessary to open 
the exciting current of a transformer. It is not recommended, 
however, that this should be done except on the small capacity 
transformers. The following types have been suggested. 

(a) Combination knife-blade arc-horn type with two blades 

in series operated simultaneously and mounted on rigid in¬ 
sulators. The blade opens upward. , • „ 

(b) Underhung-blade type supported from link suspension 

insulators, the blade opening downward. 

(c) Knife blade type with hinge end supported partly on 
insulating bushing of transformer or oil circuit breaker and 
partly on a separate rigid insulator which is revolved or other¬ 
wisemoved. to operate the switch and the other end supported 
by a rigid insulator on the tower structure. The blade opens 

°The r type mentioned above first is the only type _we would 
recommend for opening with exciting current 
second type with the proper mechanical design can probably 
be made to give the most reliable service from standpoint of 
insulation, because link insulators without cement can be used, 
thereby eliminating troubles attributed to cement 

6. It is gratifying to know that Mr. Silver recognizes th 
great progress that has been made in relay _ development. 
From the standpoint of relay application, there is no more rea¬ 
son to anticipate difficulty with a 220-kv. system than with one 

° f J.°C? r parker g : I take it that the comments by Mr. Torchio 
are not intended in disparagement of the very large social vis¬ 
ion that Mr. Murray has given iis of the implications of this 
paper on the 220-kv. transmission, rather that they are in¬ 
tended as a warning and a possible encouragement and incen¬ 
tive to the profession as a whole to tackle the large proposition 
of the super-power development as an integral matter, rather 
than as a specialized line of development. 
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I think it is very satisfactory to the electrical engineers that 
Mr. Murray has pointed out to us an opportunity for a social 
relation for our technical work. I think electrical engineers in 
the past have had occasion to feel that particularly the civil 
engineers have had a greater social relation in such things as 
matters of transportation and sanitation than have we elec¬ 
trical engineers. 

The problem of coal conservation as affected by these super¬ 
voltages and super-power lines, it seems to me, divides itself 
naturally into two parts, one which is technical, the other which 
is more or less political. Those two parts are incidentally con¬ 
cerned with the things that are internal to the industry and 
peculiarly within the hands of the electrical engineers, and 
those things which are external. Whatever we may do in the 
way of technical improvement in getting higher voltage lines, 
lines capable of transmitting at high voltages and at high 
economies, will be utterly nullified, as pointed out by Mr. 
Torchio this morning, unless an inducement may be created 
for the ultimate user to take the power so economically gener¬ 
ated and transmitted. 

Mr. Torchio is quite right in the statement that if you wipe 
out the entire marginal cost of steam power production you 
have done no good toward getting economical coal usage, unless 
the ultimate consumer can find a selfish interest in such utiliz¬ 
ation. Now that does not mean that these higher voltage lines, 
these large projects necessarily fail to attain the end. It sim¬ 
ply means that we must be spurred toward very large efforts 
in the direction of securing the one thing that is essential, con¬ 
tinuity of service. With these very large systems, with large 
centers of population dependent on the service, continuity be¬ 
comes preeminently the requirement, and much more so than 
even in our metropolitan systems of today. I don't think that 
that need discourage us. There is opportunity, there is hope 
for the right sort of development. 

Mr. Silver has pointed out one line that must be pursued, 
that of simplicity. Much of the discouragement in our high- 
tensipn transmissions in the past has been due to the fact that 
we did not sharply differentiate between a transmission system 
and a distribution system. These super-power lines cannot be 
tapped for every small community. We will probably have 
intermediate voltage lines for distributing to the smaller com¬ 
munities. 

I belieye also that Mr. Murray pointed out the importance 
of a multiplicity of generating points on a relatively simple sys¬ 
tem. Where that sort of thing has been done with such volt¬ 
ages as 140 kv., continuity of service has been attained. On 
the other hand, the profession as a whole, if it is going to ac¬ 
complish this very large social program, must devote to it a 
great deal of effort. We must make our utilization apparatus 
simpler and cheaper. We must make the means of distribution 
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much more economical, with a margmal pneration at as low as 
0.2 of a cent in the pre-war days, the distribution companies 
were the thing that stood between cheap coal utilization and 
sales to the customers. There is a big problem for eventhe 
application engineer whereby he ties himself to this program 

of mitiona^conservation. gome interesting 

and very valuable points, indeed, and I 
that an impression might have been conveyed that m the stu. y 
of fhis matter we rather considered we had plenty ox hydraulic 
power rr region. Now I want to draw your attenton to 
the fact that at first blush the study shows that there is a de 
mand of some seventeen million horse power, of which ten 
industrial and seven is required for the railroads. 

Now the actual amount of hydroelectric development avail¬ 
able for what you might call, economic application, is some¬ 
where around a million, and so there is not a very great deal of 
hvdroelectric power available as it stands. In other words, 
just as Mr. Torchio pointed out, the steam will carry the heavy 
end—93 per cent steam, 7 per cent hydroelectric. May be 
l„ tpr a o we extend the line up into Maine and South down to 
Richmond we will strike into the Northern and Southern 
hydroelectric powers, and the percentage of water power will 
be increased, but it is primarily now a steam problem, a problem 
of fretting the highest economies out of .steam. 

That was just the point I wanted to bring up for fear you 
thought perhaps we were thinking of the development of the 

hy Nex e t'ifwithregard to the point Mr. Torchio raised concern¬ 
ing a day that might come along in the middle of a low load se 
son which would reach right up to the maximum of the high. 
We have got to look at this thing away out there and not right 
in front of us. We have got to keep our minds far ahead and 
with this super-power system installed one or two units quickly 
thrown into service would meet the conditions Mr. Torchio has 
Sribed. It is just because of the lack of it today tiiat we are 
at times embarrassed. His argument against is truly to 

when we view this matter broadly. ^ 

I agree that these great steam stations axe Pieferably to be 
located in the large centers, such as New York, or Boston, or 
Philadelphia, etc. Mr. Torchio is absolutely right along those 
lines, but we must not lose sight when we have done that, oi 
the fact that this tremendous super-power transmission at 
220-kv. is the interlink between all those 
provides a means to supply the very customers that Mr. Torchio 
pointed out we must reach and therefore, while entirely agree¬ 
ing with him that his load centers are correct it should be 
remembered that the super-power transmission ties m those 
load centers and make them more effective, permitting us 
opportunity to create a high load factor for a regional instead 

of a city plant. 
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Now just remember the house. Then, after the house, the 
city. Then the district, then the territory, and now the region 
and that is all this proposition is; to establish a twelve pound 
line in this region. We are on the verge of large things, and it 
is within the vision of those large things and within the vision 
of practicability that we do the larger things in a more efficient 
way than the smaller. 

j, C. Clark: The San Francisco Section has organized a 
local Committee on Railway Electrification, including in its 
membership a number of the best electrical engineers of the 
community. The Committee was organized about the first of 
April, 1919, and has been holding meetings every two weeks 
since that time. One object of the Committee is to gather all 
the data they can get in the way of actual figures of power con¬ 
sumed in railway operation, such things as maximum load 
swings, demands upon lines to carry trains at all times, and 
load factors. In this latter connection it is' quite surprising 
and gratifying to hear Mr. Murray state that the load factor 
on his regional trunk, due to railroad operation, will run as high 
as 75 per cent. No such high load factor has been predicted 
by our people for the California mountain divisions. 

Among other subjects which are being studied is the amount 
of potential water power in the Pacific Coast States, especially 
in California; the amount of fuel oil used by railroads; and 
more technical topics such as the practicability of dispatching 
trains with special attention to load factor. 

The plan of the Committee is not to engage in political activ¬ 
ity unless called upon. The Committee wish to be prepared 
so that they will have all the facts and figures at their disposal 
which they may need in order to assist any legislative body in 
studying the problems of conservation of fuel in their district. 
Fuel oil in California is going very fast. 

Some of us do not look for the initiative in railway electrifica¬ 
tion to come from the railways. It is rather remarkable that 
the. matter of railway electrification has been studied in the 
past almost exclusively from the railway standpoint. It is felt 
that we need not hope, certainly not in the near future, for any 
considerable move for railroad electrification from our railroads. 
One reason that has been apparent to some of us is that, in 
these days of regulation of such utilities as railroads, it is a 
growing practise to insure a reasonable return to the railroads, 
or any utility, on its investment. 

Now, if the railroads are assured, say, 8 per cent, it perhaps 
removes one of the incentive toward more economical operation. 
If that return is assured in any case, it is not quite apparent 
why they should strive to improve their methods—at least not 
from the point of view of the fuel conservationist. It seems to 
many of us to be up to the public to insist upon railway elec¬ 
trification, and with the attitude of being prepared for a public 
movement for railway electrification, we are getting together 
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all the data we can to enable us to be in a position to offer such 
assistance to legislative bodies as may be asked. 

Mr. Silver expresses some apprehension about insulators. 
He has a good reason for this in view of the universally bad ex¬ 
perience with the cemented type of insulator. Fortunate y, 
however, there are some very good operating data, covering a 
period of perhaps ten years, on another type of insulator, i 
refer to the original suspension insulator known as the Hewlett. 
The failures in the cemented type' of insulator have not been 
due primarily to electrical causes but to mechanical cracking 
and absorption of moisture. Electrical failures follow, lhe 
cracking may be caused by expansion of the cement or of tig _ y 
fitting metal parts. The presence of the cement greatly aids 
in the absorption of moisture by porous porcelain m contact 
with it. The absorption is apparently due to breathing, in 
the Hewlett type the metal parts are strung loosely thiough 
o-lazed cable ways. I have recently had occasion to examine 
many insulators of this type haying a ten year service record 
with inappreciable loss. Electrical, mechanical, and porosity 
tests showed no depreciation. Some of the old original units 
that gave perfect service were poorly made compared to present 
standards. This speaks well for the design. , 

It may be necessary to grade the strings of insulators used 
on these high-voltage lines to lower the stress on the line unit. 

In regard to the transformers, I believe decidedly, that all 
high-voltage neutrals should be grounded without resistance. 
With proper precautions there should be no difficulty with tele- 
phone operation. The connection will in general be Y-delta 

to prevent tripple frequency. . , 

There are some advantages and many disadvantages in high- 
tension switching. The number of these switches should be re¬ 
duced to a minimum. . _ _ , » ,. 

As transmission voltages are increased, the number 01 times 

that lightning voltages exceeding operating voltage are induced 
on the line in a given season will decrease. . 

The question naturally arises whether it will pay to install 
lightning arresters. While it is probably true that a hghtmng 
arrester gap on a 220-kv. line would discharge only at intre- 
quent intervals, great damage might be done if it were absent 
during these intervals. If it is assumed that the transient jolt- 
age is limited to the gap setting, it can be shown that about five 
times the insulation is necessary to make the apparatus equally 
safe without a lightning arrester. When the arrester is ab¬ 
sent the voltage is limited by the line insulation.. The turn 
insulation probably receives relatively greater transient stresses 
on very high-voltage lines than on moderate voltage lines. A 
lightning arrester is decidedly desirable if its cost is commen¬ 
surate with the cost of other apparatus. Consideration must 
also be given to the enormous energy involved. 

F. C. Hanker: The field of the 220-kv. system is appar¬ 
ently limited, as pointed out by Mr. Silver, to trunk line service 
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where we have long distance transmission and heavy blocks of 
power. That would be the natural conclusion, based on pres¬ 
ent analysis of costs, the development of the necessary trans¬ 
forming and switching equipments involved in the line con¬ 
struction. It would naturally hold for pioneer installations 
but if we look back on the history of transmission voltage, we 
‘find parallel situations in the steps of 110-kv. to 154-kv-a. . It 
has only been a few years since 110-kv. was discussed as a high 
voltage for transmission, while today it is. so common that it 
may be considered almost in the class of distribution voltages. 

The frequency of 60 cycles selected for the studies is in line 
with present tendencies toward the establishment of this fre¬ 
quency as the standard frequency of power supply in this coun¬ 
try. A general analysis of the factors entering into a decision 
as to the best frequency to adopt in any specific case will show 
that the increase in 60-cycle systems is a natural one and is one 
that will undoubtedly continue at an accelerated rate. 

The existing transmission systems that are operating at high 
voltages above 110-kv., have layouts that in general require 
regulation at one load center so that it is usually possible to 
adjust operating voltages at the generator station to correspond 
to the requirements at the load center and in this way keep the 
investment in synchronous condensers to a minimum. In 
the case of trunk line service where a mumber of generator 
stations and different load centers are involved,. the mainte¬ 
nance of satisfactory voltage regulation at all points becomes 
more of a problem and it is usually more economical to supple¬ 
ment the synchronous condenser installation with synchronous 
boosters or the equivalent, such as induction regulators. This 
is particularly true where systems tie in with existing city sys¬ 
tems that have standards established, making it necessary to 
maintain closer voltage regulation than is permissible on some 
of the pioneer lines such as exist in the West. 

With the relatively high investment in lines and substation 
apparatus it is important that full capacity be available. This 
makes regulating apparatus at tap points desirable in order to 
reduce the circulating currents to a minimum. We have re¬ 
viewed cases where parallel lines were involved in which it was 
desirable to provide independent regulation for each circuit. 
This was due to unequal loading at tap points that would have 
resulted in excessive circulating currents had the two lines been 
paralleled at both ends and regulation obtained by synchronous 
condenser equipment. It would also have cost very much 
more to control by the use of synchronous condensers than by 
boosters or equivalent regulating schemes. This condition 
would obtain on projects such as have been proposed for trunk 
lines along the Atlantic Coast tieing in the different existing 
power stations. To be of value it should be possible to trans¬ 
fer power in both directions, which would mean, in the case 
where synchronous condensers were used, installations at each 



1919] 


DISCUSSION AT LAKE PLACID 


1117 


end of capacity to give the full range of regulation. This con¬ 
dition can be better fulfilled by the use of sufficient synchronous 
condenser capacity to provide for operation at the most eco¬ 
nomical power factor and take care of the additional regulation 
by some other method. 

With the installations under consideration, the capacity of 
the regulators that would be required would be larger than 
have been built of the usual type of induction regulator. There 
has been developed, however, a combination of the step type 
and induction type that would be feasible for the capacities in¬ 
volved. In this regulator the objectionable features of the 
straight step type regulator have been eliminated in that no 
switching is done with circuits having difference of potentials, 
and as a result, sparking is avoided. The short-circuit stresses 
that have been a limiting feature in the design of induction 
regulators are avoided, in that only a small percentage of the 
total short-circuit current is handled by the regulator. 

The kv-a. required to charge the lines of the length that have 
been considered in the studies becomes of importance due to 
the effect on the generator excitation. A normal design of 
generator such as would be installed would have a short-circuit 
ratio of approximately unity, that is, with the excitation re¬ 
quired to give normal voltage at no load, the sustained short- 
circuit current would be approximately full-load current. In 
the studies made, 80,000 kv-a. is given as required to charge 
the line so that it would only be necessary to supply 20 per cent 
external excitation to excite the full 100,000 kv-a. in generators 
to normal voltage. There will undoubtedly be times when 
only one generator will be available to supply a line, and undei 
this condition, the charging kv-a. would exceed the capacity of 
generating apparatus. This would take the control of the 
voltage out of the hands of the operators and result m abnormal 

voltages on the transmission line. 

This condition is not of importance when operating undei 
the usual loads, but must be considered where high-voltage 


switching is involved. _ _ __ _ . , 

In commenting on the design features of 220-kv-a. station and 

substation equipment the paper points out that the s ™<ues 
have developed that current design principles and materials 
now in ordinary use will be employed. This is encouraging 
after reviewing the analysis that has been made of the pr - 
lems encountered in laying out the other parts of the system. 
While the margin on safe operating voltage is probabiy greater 
than is apparently the case with the line construction, it is rec¬ 
ognized that new. problems exist and the manufacturers app - 
ciate the importance of these problems. They are not content 
to he satisfied with the present conditions but feel that just as 
careful analysis and research is fully- warranted and shou 
undertaken to ensure the success of this higher V^age^syste ^ 
Tho nroblems have been classified as of two types, tnose aue 
to the h[gh voltage of itself and those due to the enormous ca- 
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pacities involved. The insulation problems in the stations are 
concentrated where greater expense is justified in providing 
the margin in safety that is essential. 

The conclusion that all line switching should be done on the 
high-voltage side will probably find opposition but if future 
investigation confirms this statement it will simplify-the switch¬ 
ing problem. In accepting the recommendation, it should be 
recognized that this method of operation will subject the trans¬ 
formers to higher stresses than in the case of low-tension switch¬ 
ing. It is true that the potentials resulting from switching are 
of the same order as those the apparatus would have to stand 
from static disturbances or other transients that may occur on 
transmission lines, but they probably occur more frequently. 
On the 110-kv. and 154-kv. systems, we have heard of no serious 
results from the high-voltage switching, yet this point must be 
taken into consideration in laying out a system on the higher 
voltage. With the operating conditions that have been as¬ 
sumed it would be well to consider arrangements wherein the 
step-up transformers and the step-down transformers are con¬ 
sidered as a unit and operated as such. This does not neces¬ 
sarily mean that the apparatus must be operated in parallel on 
the low-tension side at the generating station, as the layout can 
be so arranged as to provide for what is essentially unit opera¬ 
tion. 

In investigating breakdowns that have occurred on lower po¬ 
tential circuits, we have obtained results that indicated that 
the current was ruptured in the oil breaker at a rate several 
times the normal frequency. If this condition holds for low 
voltages with relatively short travel of the contacts and short 
afcs, it must be more severe at high potentials with correspond¬ 
ingly long arcs. 

H. R. Summerhayes: Figs. 1 and 2 of Mr. Silver's paper 
show a comparison of the cost of the line construction/total 
operating cost for 154,000 volts and 220,000 volts, and at first 
it seems as if more of a gain should be made on 220,000 volts in 
spite of the increased cost of the towers, etc., which is incurred 
by the higher voltage, but in reality the comparison is between 
170,000 and 220,000 because 170,000 as stated in the footnote 
is the voltage at the generating end of the line, just as 220,000 
is the generating end voltage, and I think that the comparison 
is really between those two voltages and not between 150,000 
and 200,000. 

R. P. Jackson: Mr. Silver's statement that there is no 
type of insulator as yet developed that has thus far demon¬ 
strated its ability to give adequate, or even reasonably satisfac¬ 
tory results on high-voltage lines is an exceedingly severe in¬ 
dictment of the suspension insulator considering the amount 
of power now being actually carried by conductors hung on 
sucly insulators. “Reasonably satisfactory" is a relative term 
and if defined as being as satisfactory for example as the steel 
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towers on. which the insulators hang, the statement is doubtless 
correct. 

In reading Mr. Silver’s paper, it is obvious that he has some 
serious misgivings as to the insulators for the high-voltage nigh- 
nower lines proposed, and with good reason. A link of nine to 
eleven ft. between the line and the tower appears altogether too 
long. Six feet would be possible as a pillar to support discon¬ 
necting switches. Further, a strain tower taking up the en 
sion of the three lines in both directions apparently requires six 
strings, each of fifteen insulators for each conductor anchor. 
This means 6 X 15 X 6 = 540 insulator disks per strain tower. 

This strikes one as a monstrosity. 

In the first place it would seem to the writer that the use of 
15 disks in series is unduly conservative on a solidly grounded 
neutral line that limits the voltage to 130,000. Ten, or at the 
most twelve, should be sufficient with say a 7 in. spacing. This 
would give a string about 6.5 to 7 ft. long and reduces the in¬ 
equality in stress distribution. . . , _ ,, 

When it comes to 2900 pounds as a maximum load on the 
ordinary disk insulator, Mr. Silver is not unduly conservative. 
Such an extraordinary proposition calling for such loads as Mr. 
Silver describes demands something larger and stronger m an 
insulator than anything now on the market. 

The present types of insulators have been developed to meet 
certain prevailing conditions. In fact, some operating men 
state that for their use the usual cap and pm msulatoi is unnec¬ 
essarily strong. It is undesirable to use a size and type of 
insulator developed for the low stress conditions of ordinary 
transmission lines for these new and much more severe condi¬ 
tions. It certainly ought to be possible to make up an insu¬ 
lator good for twice the stress of the ordinary unit, thus reduc¬ 
ing the parallel strings for a conductor anchor from six to three. 

Just which of the three types enumerated by Mr. Oliver 
would, lend itself most readily and most safely to increase m 
strength is somewhat debatable, but it would seem, that the 
interlinked type in some form would offer somewhat the best 
starting point, judging from what can be readily obtained now 
in strain balls for.guy wires. , , - 

It is to be hoped that no effort will be spared to do something 
in this direction before resorting to the use of such a multiplic¬ 
ity of insulator units as the present standard designs would 

appear to demand. , . , . 

The writer would personally commend Mr. Silver s judgment 

in regard to lightning protection in retaining the overhead 
guard wires and eliminating the lightning arresters. As to 
something in the nature of choke coil protection against surges 
of steep wave front, one does not feel so sure. . That large y 
depends on how well built are the high-tension windings of the 

transformers, ^ht; The 

the frequency of 60 cycles should be chosen for an important 
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generating and transmission system, even where there is a 
large present 25-cycle load, seems a logical and proper conclu- 
sion. As stated in the paper, the frequency of 60 cycles is su¬ 
perior to that of 25 cycles for the general supply of energy, and 
therefore any means which will tend toward the increased use 
of 60 cycles is a step toward standardization of the right kind. 

It may be interesting to note some of the mam items of extra 
expense entailed by choosing 60 cycles for the generating and 
transmission system where the greater part of the load is 25- 
cycle. Many residence districts and street lighting loads can 
be changed to 60 cycles at very small expense. Many 25-cycle 
transformers can be connected in two parallels and operated 
at 60 cycles at increased capacity. For power circuits, it 
would be possible to provide frequency-changer sets for a large 

part of the total system load. , .. 

The cost of the motors of the frequency-changer sets should 
not be charged to the fact that 60 cycles was chosen, because 
they take the place of the synchronous condensers which would 
have been needed for a system of _ this kind, as stated m Mr. 
Silver’s paper. Although transmission is usually consider ed easier 
at 25 cycles than at 60 cycles, the advantage almost entirely 
disappears when synchronous condensers are used to eliminate 
voltage variation. Practically the same rating of condensers 
is needed for a 25-cycle line as for a 60-cycle line, for the same 
results in a certain case. Although there is less voltage drop 
to be overcome in the case of the lower frequency, there is less 
reactance to work on by the condensers. 

It might be questioned whether the motor of a frequency- 
changer set would be as effective for voltage control as a syn¬ 
chronous condenser of the same rating. The answer is in the 
affirmative if the load power-factor is as low as 80 per cent, the 
motor of the set being operated at nearly unity power-factor at 
full load, and at a load power factor at no load, of such a value 
as not to endanger its stability of operation. • 

Therefore, if a large part of the load be supplied with 25- 
cycle energy through frequency-changers, it would not be nec¬ 
essary to scrap the 25-cycle apparatus in use, and yet new in¬ 
stallations could be supplied with energy directly from the 60- 
cycle transformers and so could enjoy the advantages of better 
choice of motor speeds, better lighting and cheaper and more 

standard apparatus of all kinds. . 

Thus, at the time of building a new generating and trans¬ 
mission system, by the additional expense of the generating end 
of the frequency-changers, and a small duplication of distribu¬ 
tion circuits, representing an extremely small percentage of 
the cost of the system, a 25,30, or 50-cycle system could be put 
in the way of gradually becoming a 60-cycle system. 

j. f. Peters: There area number of factors that enter 
into the design of apparatus suitable for operating on a system 
as large and as high a voltage as the one proposed by Mr. 
Silver, that I wish to comment on briefly. 
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Referring to page 1086 under. Design Features, I note that the 
author states, “The handling of electrical potentials of 220,000 
volts does not appear to involve any disturbing complications 
or uncertainties. In fact, the manufacturers do not recognize 
that any serious problem exists.' 7 Although that is true to a 
certain extent, I wish to point out that there are several factors 
which become of major importance in designs for high voltage, 
which for low voltage are of no consequence whatever. 

In the design of low-voltage apparatus, it is not necessary to 
take into consideration the electrostatic field, whereas on high- 
voltage apparatus that becomes the most important factor m 
the design. Considerable work on the distribution of electro¬ 
static field in transformers and methods of controlling that 
distribution has been done by Mr. Fortescue, some of the re¬ 
sults of his work have been presented before the Institute. 

Under high-voltage switching, I wish to call attention to the 
fact proven by experience that there are more or less high volt¬ 
ages produced by switching. The magnitude of these voltages 
and their relation to the applied voltage is not definitely known. 
There is a question in my mind as to the advisability of high- 
voltage switching on anything as high as 220,000 volts on ac¬ 
count of that uncertainty. , , , ,, , 

Under transformer connections, I am pleased to note tnat 
the author has recognized the decided advantages that there 
are in the star connection. In addition to the advantages that 
he has stated, I might add that this connection results in trans¬ 
formers being smaller and more efficient on account of the lower 
voltage that is developed in the windings, consequently less 

insulation of inactive material. 

With reference to limiting size of transformers, referred to 
on page 1090, from my experience on the design of large trans¬ 
formers, I have found that the mechanical stresses due to short- 
circuit currents are not serious for high voltage. The 
circuit stresses are not nearly as severe m transformers for high 
voltage as they are for the same size units on lower voltages. 
The reason for this is that the density of the leakage field 
much less on the former. My experience indicates ^ 

factor that limits the size of transformer 

and handling facilities. Those limits are not only ^e to ow 
all dimensions, that is railway clearances, but for units of the 
size suggested by the author, they approach the limit of carry- 

m f)n a th?t y op of V pie P 1092 the author refers to the relative 
amount of insulation for the line and grounded ends s of trans¬ 
formers. I do not believe that he means to infer ™at ert 

' insulation is not necessary . between turns A-tHoffstresses 
end of the transformer. It is true that the electrical stresses 

between turns on the grounded end are somewhat lessi than 

the line end, but they are considerably .greater ^ wjthm 

the body of the winding. I believe that the insulation De 
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tween turns should be correspondingly' reinforced for both 

ends of the^ r |? sf j™f glad to see that Mr. Silver has decided 
so definite"? on the use of grounded “Y” connection. There 

tin doubt that for high-voltage transmission this connection 
whichnreserves a definite voltage relation of the lines to ground 
2d by which the possible voltage oscillations set up by arcing 
grounds are greatly minimized, is the best connection. . _ 

This connection is made almost necessary by the decision .to 
do all of the switching on the high-voltage side, since the p ip¬ 
ping out of one phase, either by failure of switches or inability 
to close and open all three phases at the same time, does not 
produce a greatly unbalanced electrostatic condition. 

The argument that the grounded Y connection increases the 
hazard due to short circuits, line failures, etc. damaging the 
apparatus by mechanical stresses, is not of great moment be¬ 
cause on such high-voltage systems the reactance of the trans¬ 
formers and of the line must, of necessity, be so high that the 
current would be limited to a few times normal through any 

^" The use^of the grounded Y connection would permit appre¬ 
ciable savings in the design of transformers since less insulation 
is necessary to ground, and it is not necessary to insulate all 
points of the winding to ground to the maximum extent. . 

I believe in general that the insulation to ground in the high- 
voltage transmissions can be reduced, since the probability of 
over-voltage due to lightning, etc. becomes less and less as the 
voltage of the system increases. . ' _. 

I believe our standard Institute test of twice the line voltage 
plus 1000 volts, is unnecessarily high for the higher line volt- 

3 , g 6 s irrespective of whether the systems sire isolated or grounded 
and I think that it would be much more logical to adopt a 
graded test value in which the factor of safety in test would be 
appreciably higher for the low-voltage units than for the higher- 
voltage units. Where grounded Y connections are used, the 
test should, I believe be still further reduced, at least m the 
higher voltage lines. If both transmitting and receiving neu¬ 
trals are permanently and effectively grounded, it would, ap¬ 
pear that we could regard the transmission system essentially 
as three single-phase systems and could with safety, permit 
such test values as are ordinarily given for grounded single¬ 
phase systems. 

I have taken the liberty of drawing up suggested curves of 
test voltage for both isolated and grounded systems which give 
a graded test depending on the line voltage. See Figs. 3 and 

4. 

The conclusion that the high test values now applied are not 
necessary for high-voltage apparatus is borne out by the fact 
that there are a number of installations in operation of old 
transformers in which the test value was only 1.5 times the line 
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voltage although I believe that some, if not all of these systems 
are operated grounded Y, and, further, it has not been the prac¬ 
tise in the past to insulate step-down transformers with a rated 
voltage lower than rated voltage of the step-up transformer to 



the same value, the insulation being based entirely on the rated 
voltage. It would appear that all apparatus on a given system 
or circuit should be insulated to the same value. As a matter 
of fact, under light load conditions the step-down transformers 



1. Ungrounded circuits, no lightning arresters. 

2. Grounded Y circuits, no lightning arresters. 

3. Standard A. I. E. E. Test. 

4. Proposed Standard Test Ungrounded Circuit. 

5. Proposed Standard Test Grounded Y Circuit 


are freauentlv subjected to an even higher voltage than the 
Spip Shines, and since these step-down anS 

SneSiry to iite a step-np machine to such a h.gh value 
as is our present practise- 
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With Mr. Silver’s conclusion to omit the use of protective 
equipment, I am not so much in sympathy. Lightning ar¬ 
rester equipment in general protects the apparatus against ex¬ 
cessive voltages to ground. It is not as truly selective to 
frequency to the extent which we desire but it should be borne 
in mind that lacking any protective equipment to discharge 
over voltages to ground, the apparatus will be subjected to 
surges originating or applied to the windings at a higher voltage 
than if the proper protective equipment were connected. 

With proper protective equipment, failures to ground on 
high-voltage apparatus are extremely rare as pointed out pre¬ 
viously, such failures as do occur usually being internal failures 
between coils or turns caused by local high voltages. Undoubt¬ 
edly without protective equipment, the apparatus would have 
to be insulated not only to withstand greater voltage to. ground 
but against higher local voltages which occur due to oscillations 
or waves of steep front. 

I do not feel that -it would be safe to use apparatus without 
protective equipment unless the insulation was increased some¬ 
thing in the order of 50 per cent over that otherwise required. 

On the curves attached I have shown values which would 
be derived if the test values suggested were increased 50 per 
cent to take care of the cases without protective equipment. 

C. F. Harding: Although Mr. Peek has pointed out in the 
discussion of Mr. Silver’s paper that the corona loss on such 
a line, where the amount of energy transferred is large, will be 
rather a small item, yet Mr. Silver has given considerable at¬ 
tention to that subject and I want to mention briefly a point 
which I think is worthy of consideration in connection with 
that loss. As I understand it, Mr. Silver has based his cal¬ 
culations upon the formula developed by Mr. Peek, presented 
to the Institute a number of years ago. If I remember rightly, 
that formula was derived from test voltages extending up in 
the neighborhood of 140 or 150 kv. The speaker presented a 
paper about seven years ago, on the subject of corona loss on 
transmission lines which checked very closely the Peek data up 
to about 150 kv., but departed therefrom materially between 
150 and 180, or 190-kv., seeming to indicate that above 150 : kv. 
values, it might be desirable to introduce new constants into 
the formulas. These calculations in the neighborhood of 220 
kv. may therefore be slightly in error, and it is hoped that in 
the near future some new data will be available in that range. 

Also, very little has been done in connection with corona to 
ground. It was found in some investigations with which I 
have been familiar, that where the lower wire is in fairly dose 
proximity to the ground, as must necessarily be the case with 
these long spans and wide spacings with the 9-ft. strings of the 
insulators, there is a relatively large loss between the lower 
wire and ground, due to corona. It may be necessary, there¬ 
fore, in some of the future designs, even to go to the extreme 
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measure of putting each conductor on a separate relatively 
light tower line, separating the conductors by means of separate 
towers. 

So much has been said about the different types of con¬ 
ductors, copper, copper-clad and reinforced aluminum, it would 
seem well worth while in the future to study the possibilities of 
steel tubing, making the diameter of the conductor relatively 
large and keeping the tensile strength high, the resistivity of 
the metal used being of relatively small importance. 

With regard to the question of bushings, although those have 
been mentioned in connection with transformers, little has 
been said about roof bushings or wall bushings, used out of 
doors. It probably will be necessary to use bushings with 
a much lower factor of safety upon such lines than those which 
are being used upon the 140 and 110-kv. lines. . In connection 
with the new 600,000-volt laboratory installation at Purdue 
University, with which we hope to make some tests upon ex¬ 
perimental lines and insulators in the very near future, we have 
had difficulty in getting our lines through the building with 
anything available at present in the way of bushings, even 
with a great reduction in the factor of safety. Of course, Mr. 
Silver's paper anticipates new designs available in the future, 
but I think the factor of safety will have to be cut down ma- 


j* A-Vil oil ‘XT 

F. W. Peek: Regarding Mr. Harding’s comments, my 
1910 corona loss measurements were made up to almost 250 kv. 
The voltage range under discussion was thus actually covered. 
Very little would be gained by placing the conductors on single 
towers and separating them a considerable distance. I he loss 
occurs due to high dielectric flux density at the surface ot the 
conductor. The flux density depends upon the surface, or 
diameter of the wire, and the capacity. The capacity is not 
greatly reduced by increasing the spacing. The greatest re¬ 
duction in flux density or stress can be made by increasing the 

diameter of the conductor. ' . ,, 7o 

I do not think that the bushing problem is serious. W 
have used bushings up to about 750 kv. without difficulty. 

J. A. Koontz : High-tension power transmission at 220 kv. 
has been a problem confronting the western engineers for s^v- 
eral years. While to date it is not a reality, I fii'mly believe 
that lines will be operating at such a voltage before many years. 
In fact, had it not been for the war and consequent difficulties 
in financing large hydroelectric developments m thei past two 
years, I believe that such a system would now be opei atmg on 

th< Mr 61 Silver’s" statement is quite true that such high voltage 
has a limited field and can be used economically^only where 
large blocks of power must be transmitted over long ^stances. 
The trend of voltage increase m the past ten years has shown 
that S increased voltage it has been possible to get increased 
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reliability. This is due largely to raising the factor of safety 
all along the line. Flowing this trend, and by carefully work¬ 
ing out all the details, I believe the same high service standard 
could be incorporated in a 220-kv. transmission system and 
still show economy with improved reliability. 

Some of the real problems to be solved where there may still 
be some doubt are those of corona, insulation and proper oil 
and disconnecting switches. There is one question concerning 
corona which I would like to ask Mr. Silver, and that is, if any 
tests have been made on large conductors in order of 1 in. in 
diameter to see if 0.87 is the proper conductor irregularity 
factor, as from. some preliminary tests made at Stanford Uni¬ 
versity on a 1 in. 37-strand aluminum conductor it would ap¬ 
pear that 0.72 would be nearer the proper value than 0.87. 

On pages 1049 to 1052, Figs. 3 to 6, are shown corona loss 
curves which I do not believe would represent operating con¬ 
ditions under good practise, as it does not seem to me logical 
to hold the. generator voltage constant and permit of receiver 
voltage variations, but rather, hold a constant receiver voltage 
and increase the generator voltage when necessary to take care 
of maximum load conditions. In this manner, the customer 
will not be subjected to a line drop of both transmission and 
feeders, and the corona loss will be reduced. 

Fortunately, the Pacific slope weather conditions are such 
that mechanical problems are greatly reduced, as in most 
cases we do not have to design more than 25 per cent of our 
line for sleet loading, and even where sleet is- encountered 
we do not have to take care of such heavy load conditions as 
would be necessary in the Eastern climate. 

I notice, in the tower design that Mr. Silver has left only 
a 4-ft. minimum clearance from towers when insulators are de¬ 
flected to their maximum condition. This does not seem to 
me ample, as from experience on high-voltage lines on this 
coast, flash-overs seem to be the principal service interruptions 
on high-voltage lines, and to eliminate this, it would seem nec¬ 
essary to maintain ample clearance, in fact, experience would 
indicate that four feet would be a minimum for 150,000 volts, 
as bringing the conductor close to the tower, intensifies the 
electrostatic field, and unless special precautions are taken the 
conductor may fire with corona near the steel tower members, 
which would tend to aggravate any flash-over conditions. This 
is a point which seems to me should be given serious considera¬ 
tion in any high-voltage line design. 

The insulator problem is certainly very important and the 
exact method of taking care of same is one which will probably 
present as difficult a problem as any encountered. With a long 
string of insulators I believe grading of some sort will be essen¬ 
tial so that insulator units in the long string have more nearly 
the same voltage impressed across each one. 

The question of automatic operation on 220-kv. lines, should 
be given very serious thought before attempting same, as at the 
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present most of the long high-tension lines are seldom inter¬ 
rupted by high-voltage switching. When such large blocks of 
power are essential with power problems of this magnitude, I 
believe the generating stations and substations should be given 
greater flexibility, as the failure of a piece of equipment would 
necessitate taking out such a large block of power that I think 
it would be difficult m general to pick up Power 
stand-by steam stations in order that there might be no serious 
interruptions to service, or, if the auxiliary steam stations wer 
kept under condition to always take care of such a shift; in load, 
it would mean unnecessary fuel expense. I have thought ra 
the possibility of attempting to group the transformers and 
line as a unit, but have always been afraid that this would pre¬ 
sent operating difficulties regarding proper flexibility. 

The question of omitting all arrester equipment, I believe 
is wise, as with very high voltage the insulation strength is 
such that the troubles that the ordinary lightning arrester would 
take care of are of little consequence, and I believe greater 
safety would result in omitting, rather than installing, any of 

the present arrester equipment. , , 

Hi G. MacDonald: The modern tendency toward large 
concentration of power has necessitated a revision of design ana 
radical departures from previously well-established precedents. 
The forms of construction which had proved adequate during 
the period of small or moderate powers are entirely insufficient 
for modern requirements. Mechanical structures, form and 
location of contact elements, and speed of operation have all 


undergone modifications. 

Best modern practise tends toward a construction built to 
withstand considerable internal pressures, as guarantees call 
for several repeated operations in quick succession m an at¬ 
tempt to locate and clear short circuits. It is well demonstrated 
that the maximum need of heavy construction is not due to 
the shocks of the actual circuit breaking operation, but to the 
formation of excessive amounts of gas, deterioration and dis¬ 
turbance of oil due to repeated operations, and the ultimate 
explosion of this gas. No device which has for its_ object sim¬ 
ply the confining of the stresses due to circuit interruption 
without considering the incident stresses from the attendant 
phenomena will produce a breaker which can be considered sate. 

Modern breakers of moderate interrupting ability will usu¬ 
ally have elliptical tanks with bracing across the bottom, steel 
tops held by tie bolts secured to the bottom bracing, entirely 
enclosed operating mechanism,_ leaving a comparatively clear 
slightly crowned top, light moving elements permitting of high 
and rapid acceleration, and contacts placed well below the 
surface of the oil, and so shaped as to reduce voltage discharge 
and to deflect the arc and the attendant gases away from any 
insulating surfaces. Adequate vents will be located m such a 
manner as to facilitate the rapid escape of the gases by the ere- 
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ation of a draft of air through the chamber above the oil. The 
elliptical tank gives the maximum strength for a given space 
and in connection with the overhung steel top and tie rods, 
makes a construction sufficiently rigid for any service except 
the very heaviest where a round tank construction will be used. 

A prime consideration in successful circuit interrupting is 
speed of opening. As the time during which the arc persists 
determines the amount of contact material vaporized, the 
amount of oil broken up, the amount of gas liberated, and con¬ 
sequently the pressure formed, it is obvious that quick open¬ 
ing is highly essential. The simple means of accomplishing 
this end is by highly accelerating the moving element. Where 
this element is light, this will be readily accomplished, but 
when the moving element becomes heavy, and a long travel is 
necessary to obtain the proper break distance, some auxiliary 
means must be used to quicken the contact separation. Quick 
break contacts have been added to certain designs of breaker 
by means of which rapid separation of the arcing contacts is 
obtained without unduly accelerating the entire moving mem¬ 
ber. Another means of introducing quickly into the circuit 
the necessary insulating distance is by using quadruple break 
contacts instead of the ordinary double break. By producing 
all four of these breaks simultaneously, it is obvious that twice 
the separation is obtained within a given time as compared to 
the double break. As a maximum resort, quadruple quick 
break contacts afford the most rapid separation obtainable 
under present designs. The quadruple break, when used in 
connection with the round tank construction accomplishes in 
a single circuit breaker what would require two sets of pole 
units in series in the case of the oblong flat-sided tank, and at 
no sacrifice of insulation clearances, and in combination with 
the maximum mechanical strength. 

A circuit breaker for 220,000-volt service will inherently pos¬ 
sess a large interrupting ability. The insulation requirements 
will very largely determine the physical proportions and if a 
consistent design from a purely' mechanical standpoint is 
worked out, a structure of very considerable strength will re¬ 
sult. An oil tank £o retain the volume of oil required, and with 
fittings and covers sufficiently rigid to carry the operating 
means and the contact elements, will be of no mean propor¬ 
tions. By comparatively small additional reinforcement, and 
by the use of suitable material at vital points, a structure cap¬ 
able of interrupting very large amounts of power will be pro¬ 
duced. As so much stress is being laid on continuity of service 
under all contingencies, the breaker design should be such as 
to insure this to the greatest possible extent. The only safe 
course is to make the whole breaker structure sufficiently strong 
to care for the maximum stresses which might occur under any 
conditions which might reasonably be anticipated. No exist¬ 
ing method of ventilation will dispose of the gas with absolute 
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certainty that no explosion will occur in the main body of the 
breaker. The explosion chamber used on certain designs of 
breaker does not eliminate the formation of gas. . This gas will 
presently pass into the air chamber above the oil and must be 
disposed of. The arrangement of details, and the movement 
of the breaker parts present the possibility of the arc which 
originates in the top portion of this explosion cylinder (the 
cylinder being practically tight at the top) following the mov¬ 
ing contact in its downward travel, expanding as it goes, and 
expelling all the oil before it. The cylinder is now filled with 
incandescent metallic vapor forming a conducting path for 
the full length of the cylinder. As the moving contact leaves 
the cylinder by a very small distance, the possibility of the 
formation of a large amount of gas and serious damage to the 
breaker seems to be not very remote. . If, on the other hand, 
the breaker structure entire is made with a view to withstand¬ 
ing abnormal pressures, and the design provides for a rapid 
contact separation to a sufficient distance so as to preclude the 
possibility of the arc holding through the distance,. the maxi¬ 
mum safety and assurance of continuity of service is afforded. 

L. B. Chubbuck: Referring particularly to the descrip¬ 
tion on pages 1093 and 1094 of proposed 220-kv. oil circuit 
breakers, I note Mr. Silver’s suggestion of breakers with rup¬ 
turing capacity of 3,000,000 to 4,000,000 arc kv-a. We have 
furnished the Ontario Hydroelectric Power Company with a 
number of large 110-kv. breakers which have been subjected to 
very heavy short circuits and believe our experience may be. of 
interest. Three Niagara stations are interconnected to give 
a combined generator capacity of nearly 200,000-kv-a. ana 
while bus reactors are used, the main H. T. breakers have suc¬ 
cessfully handled short circuits up to nearly 1,000,000 arc kv-a. 
These breakers are of very heavy round tank construction with 
motor fans on each tank to prevent the collection of an ex¬ 
plosive gas mixture in the expansion chamber. 

We have found that older design breakers are not capable 
of handling such service, and on even much lighter service will 
smoke badly after one or two operations. As a result ot serious 
trouble with such breakers used on too heavy service, the neces¬ 
sity for a large factor of safety in heavy capacity circuit breaker 
design cannot be emphasized too strongly. 

On these.proposed high-capacity, high-voltage power sys¬ 
tems, out-door breakers are recommended, also as much sec- 
tionalizing, and as little switching at the generating station as 

P °J^N? Mahoney : Commenting on the problem of oil circuit 
breakers for high-voltage high-duty service, the cylindrical 
form of tank of the boiler drum type has particular advantages. 
This form is inherently adapted for the use of four breaks m 

Se When proplrly designed this form of tank will withstand ex¬ 
plosion of hydrogen or hydro-carbon gas and air m the space 
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above the oil. It is true however, that good design also in¬ 
cludes provision for removing, displacing or neutralizing such 
gases and preventing their slow accumulation to any consider¬ 
able pressure as an explosive mixture. 

Because of the inherent possibilities, the tank design should 
be adequate to at least withstand an explosion of a mixture of 
hydrogen and air at atmospheric pressure with a reasonable 
factor of safety. 

There should be no difficulty in meeting the insulation re¬ 
quirements with present well tried methods and materials. 
The only uncertainty is in predicting the probable voltage 
surges to be met when such a large system is disturbed by un¬ 
usual conditions. 

E. B. Meyer: The fundamental consideration underlying 
Mr. Silver's paper on 220-kv. power transmission is the eco¬ 
nomic utilization of our fuel and water power resources in a 
manner calculated to conserve them to a maximum extent. 

During the period of the war the need of conservation, 
coupled with the necessity for a maximum useful expenditure 
of power, made this subject one of the very considerable im¬ 
port. The cessation of hostilities, however, has relieved the 
pressure somewhat, but the question of the practicability of 
high-voltage trunk lines is still one which will claim the atten¬ 
tion of engineers and capitalists. 

It is not my intention to go into the consideration of the tech¬ 
nical features of the 220-kv. transmission project, believing 
that these problems can be solved as they are encountered. 

The author points out that such a trunk line as he has in 
mind must be operated at a very high load factor, the loading 
per circuit being 100,000 kv. or higher. 

With a transmission line having such a large capacity, con¬ 
tinuity of service becomes at once the primary requisite and it 
is, therefore, necessary to take into consideration the fact that 
spare circuits must be erected to insure the service. 

The cost of this insurance to the service, in the form of spare 
circuits, increases the fixed charges, per unit of energy delivered 
very materially, and it is doubtful whether a system operating 
less than three or four lines, delivering in the neighborhood of 
a half-million kv-a., could bear this expense and still prove to 
be an attractive financial investment. 

The-generation and distribution of an amount .of power of 
the magnitude indicated as necessary to the financial success 
of such an enterprise would require exceedingly large expendi¬ 
tures of money and would have to be preceded by a thorough 
and radical reorganization of the engineering policies as at 
present contemplated by the central station industry. 

In arguing for the erection of the large generating stations lo¬ 
cated in the coal fields, there are two basic considerations: 

First: Savings in freight charges with the consequent release 
of railroad equipment for other uses. * > 
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Second: The opportunity of utilizing low grade fuel which 
would not be worth transporting. 

There is some doubt as to the feasibility of carrying out a 
project of this nature, except on an exceedingly large scale, as 
the differential in favor of a plant at the distant energy source 
is quite small. : 

The erection of a plant in the coal mining district for instance 
would require that the following factors be very carefully in¬ 
vestigated in arriving at comparative construction and opera¬ 
ting costs: 

1. Availability of cooling water and possible high cost of 
erecting dams, cooling ponds, etc. 

2. Increased cost of boiler plant to provide grate and furnace 
space sufficient to burn low grade fuel. 

3. Cost of transmission line right-of-way and cost of con¬ 
structing and maintaining the line. 

4. Line losses and transformer losses. 

5. Labor costs and housing facilities for construction and 
operating force. 

C. E. Howell: A study of Mr. Silver’s paper appears to 
definitely bring out at least two apparent difficulties to be met 
in the construction and operation of the super-power transmis¬ 
sion systems of the near future. These seem to me to be a 
matter of human inertia and commercial conservation rather 
than lack of ideas. These two points are: 

First, the low mechanical strength of any high-voltage in¬ 
sulator now on the market; , 

Second, lack of methods of protecting a large portion of a 
transmission system from the effects of line trouble on a small 


section of it. 

-The practical application of any insulators on the market at 
the present time probably would necessitate the use of the usual 
disk with cap and pin, or the insulator known as the “Hewlett 
Disk.” No other insulators have had sufficient application to 
eradicate apparent defects. These two types have an ultimate 
mechanical strength so low that it would undoubtedly be neces¬ 
sary to limit their ultimate load to approximately 3000 pounds 
per string of insulator units. To withstand the mechanical 
loads which will be impressed on insulators on high-voltage 
lines of the future, it would be necessary to use a large number 
of strings of insulators if the above types are employed, inis 
would necessitate large expenditures for insulators, hardware, 
etc., as well as increasing the dimensions of the supporting 
structures and therefore their cost. _ To even imagine replacing 
a defective disk in a six string tension assembly with 17 disks 
per string on a line similar to the one described by the author 

of this paper, causes one to pause. , 

As a constructive criticism, it is suggested that the present 
types of insulator shapes be discarded for the moment and sus¬ 
pension units using comparatively large amounts of porcelain 
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in compression to permit greater working loads per string of 
units, be employed. Small diameter insulators for low-voltage 
distribution lines and for guy anchors have been constructed 
on this principle with resulting mechanical strengths of com¬ 
paratively enormous values, and it is believed that the same 
ideas may be extended to include the development of insulators 
for use on high-voltage large capacity lines. It is to be hoped 
that better ideas than this may be forthcoming soon, but the 
above suggestion should lead to a departure from the present 
practise of insulator construction and perhaps to an insulator 
worth perfecting. 

The great transmission systems of the future will require 
better systems of protection from line trouble than those now 
employed. As systems and interconnected systems become 
larger and larger, difficulties of minimizing effects of scattered 
short circuits, etc., on the whole net work will multiply. The 
possibilities of obtaining switching equipment to successfully 
interrupt short circuits on individual circuits consisting per¬ 
haps of less than 5 per cent of a system, are good, hut means 
for preventing this short or ground from demoralizing the re¬ 
maining 95 per cent of a larger system are less easily perfected. 
Sooner or later service will demand some method of nearly in¬ 
stantaneously reducing the value of a short circuit to a reason¬ 
able figure (thus not effecting the remainder of the system), 
and later disconnecting the circuits in trouble. Most certainly 
a million kilowatt system with 220 kv. or even higher kv. trans¬ 
mission lines will not be permitted to lose say 800,000 kw. of 
its load because some small portion of the system is subjected 
to a “bump/’ The present-day method of interrupting a por¬ 
tion of the system in trouble and at the same time effecting the 
operation of the remainder for perhaps an hour or. more, is 
analogous to applying brakes to a high speed train in such a 
manner that the tracks become unservicable, thus disrupting 
the schedule of the remainder of the railroad indefinitely, al¬ 
though undoubtedly stopping the train in question. 

It is suggested as a means of accomplishing the results which 
it will soon be necessary to obtain in operation, that switching 
equipment be so designed, constructed and arranged. that it 
will be possible to nearly instantaneously insert in a circuit in 
difficulty resistance or reactance, or a combination thereof, be¬ 
fore interrupting such circuits. This would relieve the remain¬ 
ing portion of the system of some of the effects of the short 
circuit. This scheme will, undoubtedly, be recognized as the 
idea which was intended to be employed in the reactance type 
of oil switch which was placed on the market several years ago, 
and which has had a more or less successful career. It is be¬ 
lieved that either resistance or reactance, or a. combination 
thereof, may be employed to perform the function suggested 
above, but that it will be necessary to liberally construct the 
switching equipment employing this feature, in order that me- 
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J. B. Crane: The paper presented by Mr. Silver is very 
important at this time as it points out one way in which large 
systems can be interconnected to secure the maximum advan¬ 
tages of diversified loads. 

On page 1087 the author shows a typical diagram and it is 
suggested that it might be possible to cutout the 220-kv. bus at 
the main substation and to use the 66-kv. oil switches on the 
low-tension side of the transformers. This is, of course, on the 
assumption that the substations will be operated at 66 kv. or 
110 kv. and that further transformation will be necessary in 
case it is decided to furnish low-tension power from the sub¬ 
stations. 

The use of 220 kv. for transmission presents some very in¬ 
teresting operating problems and on account of the present 
high cost of building transmission lines it is suggested that a 
careful study should be made to replace insulators with current 
on the line in order to obviate the expense of building and 
maintaining duplicate transmission lines for any single service. 

The use of fifteen insulators in one string should allow a 
factor of safety large enough for the proper testing and renewal 
of defective insulators. The writer has had some experience 
with operation at 110 kv. where we have been using seven in¬ 
sulators on tension and eight insulators on strains or semi¬ 
strains. The practise is to test the insulators once a year (this 
will probably be shortened to once in six months) and where 
three defective insulators are found in one string the trouble 
is immediately reported and the line gang replaces same as 
soon as possible. Where less than three defective insulators 
are found the matter is reported on the regular daily report 
and the insulators are changed at the earliest suitable time. 
There was one case recorded where.the line was operating with 
four defective insulators in one string leaving only three good 
insulators for protection of the line. 

It is suggested that it would be possible to put two clamps 
in series on each wire and make suitable suspension hangings 
above each of these clamps so that an entire new string of in¬ 
sulators could be placed on a tower to take care of any defec¬ 
tive strings and suitable fittings could be made for fastening 
the insulator assembly to the clamps and to the tower so that 
same could be done without interrupting the service. 

The writer believes that an experimental line one-half mile 
long should be built and operated at 220 kv. as soon as possible 
in order to work out some of these operating details and to as¬ 
certain just what kind of trouble would be likely to be en¬ 
countered in practise. 

A. E. Silver: Several speakers-have mentioned the inter¬ 
linking-type of insulator as being especially suitable for 220-kv. 
service. However, due consideration must be given to the 
difficulties of mechanical assembly under the heavy loading 
requirements of 220-kv. construction, which with present de- 
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signs of this type of insulator would be even more serious than 
with the standard cap and pin type. 

Mr. Hanker s point as to the possibility of over excitation 
of generators by the line charging currents, resulting in abnor¬ 
mal voltages on the transmission line, is well taken. In 
specific cases careful consideration should be given to eliminat¬ 
ing danger from this source. 

Referring to Mr. Summerhayes’ point regarding Figs. 1 and 
2, the titles are misleading, although it is noted in the foot notes 
accompanying these figures that generator voltages of 225 kv. 
and 170 kv. and corresponding receiver voltages of 200 kv. 
and 150 kv. are used in the comparison. 

It seems to me that the essential thing now is not to 
endeavor to draw any definite conclusions but to come to a 
thorough realization that the problem of developing 220-kv. 
transmission is definitely confronting us and to present clearly 
to the engineering profession the conditions of the problem 

and then to all work together to bring out the best possible 
solution. 
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THE EFFECT OF TRANSIENT VOLTAGES ON 

DIELECTRICS II 

The Effect of Lightning Voltages on Arrester Gaps, 
Insulators and Bushings on Transmission Lines 


C F. W. PKKK, JR. 


Abstract op Papkk 

This paper treats of some of the practical applications result¬ 
ing from an investigation of the effect of lightning voltages on 
insula-tors, bushings ami protective gaps. 

There is a great difference in the relative lightning spark-over 
voltages of various gaps as well as a great difference in the set- 
ings imposed^ by operating conditions. Both of these factors 
must bo considered in comparing the relative protective values. 

A gap must he set so that the normal line voltage does not 
cause it to spark-over. (laps are generally used out of doors. 
Rain lowers the BO-eyele spark-over voltage of all uncovered 
gaps and thus imposes a greatly increased setting and decreased 
protective value since the lightning spark-over voltage is not 
changed by rain. 

The covered sphere gives the maximum protection. The pro¬ 
tective value is constant under all conditions. 

The sphere-horn, having electrodes of points, horns and 
spheres, gives very good protection over the. whole range of 
frequency and wave front. T*ho spheres discharge the very 
steep waves, the horns the moderate ones, and the points con¬ 
tinuous high-frequency waves, of slanting front and static. 

The protective value of selective gaps varies with the wave 
front. Its protective value is a minimum for very steep wave 
fronts and for waves of slanting front. Over a certain range 
its protective value is very good. 

The relative protective values of various gaps for steep and 
slanting waveJYonts and Jiigh frequency are shown graphically 
m Figs, 14, 15, iff and 17. The relative protective values are 
approximately independent of the point on -the fHbcyeio wave at 
which the discharge occurs. 

Data are given on the steepness of lightning waves actually 
occurring on transmission lines in practise. 

Bushings arid insulators with equal (X)-eyeie spark-over voltages 
may J lave en ti n *ly < 1 i fferen t, lightning spark-over voltages. A hush- 
mg should be designed for a high lightning spark-over voltage. 

I he lightning wet spark-over voltage of a hushing or insulator 


18 


same, as the dry spark-over voltage. 


I N 1915 1 presented a paper covering an extensive investiga- 
> Con on the effects of transient or lightning;”,voltages on air, 
oil and solid insulations, line insulators and the discharge 
voltages of various gaps. 1 An exact study was made possible 
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by the development of the “impulse generator / 9 which was also 
described in the paper referred to above, and as a result some 
very important fundamental relations were discovered. 

It is the purpose of this paper to treat in more detail a few 
of the important practical applications which have been made 
of these relations within the last few years. The present 
discussion will be concerned principally with lightning arrester 
gaps, bushings and line insulators. It is hoped in particular, 
to make clear the advantages and disadvantages from a strictly 
practical standpoint of the various arrester gaps. 

The fundamental relations referred to above, bearing on the 
present discussion, will be briefly reviewed: 

When a 60-cycle voltage is slowly applied to a gap and 
gradually increased, spark-over will occur at some definite 
voltage. This is the minimum voltage that will cause sufficient 
ionization for the gap to discharge and it requires a relatively 
long time. 

Lightning voltages, or voltages of relatively steep wave front 
start at zero or line voltage and increase at the very rapid 
rate of millions or billions of volts per second. When such 
voltages are applied across a gap or insulator, spark-over does 
not occur at the instant the minimum or 60-cycle voltage is 
reached, as considerable time is required at this voltage. When 
this voltage is reached the-spark begins to form but is only com¬ 
pleted after the rapidly rising voltage has reached some higher 
value. The * Slower” the gap the higher the voltage will rise. 
In a uniform field, break-down takes place over a relatively 
short path, everywhere, at the same time. In the case of a 
non-uniform field represented, for instance, by the needle gap, 
corona forms around the electrodes before spark-over. A vast 
amount of air must be ionized. The condition is equivalent 
to putting the corona or arc resistance in series with an ever 
increasing capacity represented by the unbroken dielectric. 
Time is thus required to bring all of the space between the 
electrodes up to the break-down gradient and during this time, 
the lightning voltage rises higher and higher. 

To summarize: (1) Two gaps or insulators with equal 60- 
cycle spark-over voltages 'may have entirely different lightning 
or impulse spark over voltages because of the time lag. 

1. “The Effect of Transient Voltages on Dielectrics,” F. W. Peek, Jr., 
A. I. E. E., Vol. XXXIV, 1915, page 1857. 

“Lightning,” General Electric Review , July 1916. 
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(2) The time lag is the greatest in a non-uniform field or 
for electrodes where corona precedes spark-over; it is minimum 
for a uniform field. 

(3) The time lag for any given electrodes and spacing is not 
constant, but depends upon the steepness of the wave or the 
rate at which the voltage is applied. The spark-over voltage 
increases and the time lag decreases with increasing steepness 
of wave front. 

(4) Lightning or impulse spark-over voltages, unlike 60- 
cycle spark-over voltages, are not appreciably lowered by rain. 

The above discussion means, of course, that certain gaps 
and insulators which have equal 60-cycle spark-over voltages 
may have entirely different -lightning spark-over voltages. 
The ratio between the impulse and 60 cycle spark-over voltage 
was termed the impulse ratio. When there is no time lag the 
impulse ratio is unity; the greater the time lag, the higher the 
impulse ratio. Under certain conditions selective gaps may 
have an apparent impulse ratio of less than unity. 

It is very important to utilize these principles in design; 
protective gaps should have an impulse ratio of unity or low 
lightning spark-over voltage, while insulators and insulation 
should have a high impulse ratio or high lightning spark-over 
and puncture voltage. 

The practical application of these principles to various pro¬ 
tective gaps will first be discussed. 

Protective Gaps 

General . The lower the voltage at which a given arrester 
gap can be set the greater is its protective value. In practise, 
the setting must be such that the gap dnes not discharge under 
any normal operating condition. The 60-cycle spark-over 
voltage of a gap is very much decreased if the electrodes be¬ 
come wet. The decrease in voltage due to moisture differs 
greatly with the shape of electrodes. It is minimum for points 
and maximum for plane surfaces. The 60-cycle spark-over 
voltage of a gap may be affected by other surface conditions, 
but by far the greatest effect is that caused by moisture. See 
Table I. Practically all high-voltage arrester gaps are installed 
out of doors. These gaps must, therefore, be set so that the 
line voltage does not cause spark-over during a rain storm. 
This means that with any gap with “fast” electrodes the setting 
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must be approximately doubled and the protective value thus 
reduced. 

The wet and dry 60-cycle spark-over voltages of 6.25 cm. 

TABLE I 
SPHERE GAP 

The Approximate Effect of Rain, Ice, Dust, etc. on the 60-Cycle 
Spark-over Voltage of Sphere Gap. 


Foreign material on sphere 
surface. 

Voltage per cent of 
normal 

Thin coating of dust. 

98 

Coating of oil. 

100 

Heavy coating of oil and sand. 

75 - 90 

Thin coating of ice.• 

75 - 90 

Thick coating of ice.... 

75 - 80 

Surface oxidized. 

100 

Ordinary pitting.. 

90 - 100 

Rain 0.2 in. precipitation per min. 


Polished spheres. 

40 - 50 

Rain 0.2 in. precipitation per min. 


Pitted spheres. 

40 - 50 


spheres is given in Fig. 1. That the lightning spark-over volt¬ 
age is not appreciably changed by rain is shown in Fig. 2. In 
comparing the relative protective value of lightning arrester 



SPACING CM. 

Fig. 1 —Spheres—Wet and Dry Spark-Over Voltages 

6.25 cm. spheres—06“cycles—one sphere grounded—0.2 in. rain—data Table II 

gaps it is, thus important to make the comparison on equal 
wet 60-cycle spark-over voltages or by the setting imposed by 
the operating conditions. 
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Operating conditions other than rain or inherent properties 
of the arrester proper may make it- necessary to increase the 
setting of certain types of gaps and not of others. Rain is, 
however, the chief factor in non-seleetive gaps. As an example 
of the effect of rain on the setting, assume a 66,000-volt line 
with grounded neutral. The voltage to ground is 


(> 6,000 

1.73 


38,000 


The arrester gap must he set at about 2f> per cent above this 
or 47 kv. wet. Referring to Fig. 2, if the gap is 
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ft.2f» cni. cyclen »uul .ft. 2 in. rum-.-tiur griwmlrd" 

TaMri II 
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from the weather the lightning spark-over volt 
wet or dry; if the gap is not protected from 
dry 60-cycle spark-over voltage must, he 94 kv, 
make the wet 60-cycle spark-over voltage 47 kv. 
paratus is thus subjected to double the stress which would 
obtain if a covered gap were used. This follows because the 
lightning spark-over voltage approximately corresponds to the 
dry setting. There may be no gain in protection with a gap 
discharging at very low lightning voltages if in practise it 
must be set at a wide spacing to prevent line 
continually causing it to spark over. 

The horn gapjs not affected by the weather 


as 
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extent as the sphere gap. If a sphere and a horn are adjusted 
for equal wet 60-cycle spark-over voltages, the dry 60-cycle 
spark-over voltage of the horn will be lower. For low-fre¬ 
quency surges the horn would thus discharge at a lower voltage. 
For steep wave front lightning voltages however, the lag of 
the horn, which may easily have an impulse ratio of 2, will 
cause it to give inferior protection. See Fig. 3. 

The Sphere Gap—The Sphere Horn 

The sphere gap has an impulse ratio of unity. It thus offers 
equal protection for all sorts of transient voltages, and is with- 



Fig. 3 Horns Wet and Dry Spark-Over Voltages 

60-cycle and impulse—wet and dry—data Table XV 

out time lag when set at not greater than diameter spacing. 
When exposed to the weather, however, the setting must be high 

enough so that the line voltage will not spark-over 
during rain. See Figs. 1 and 2. 

In the practical gap the sphere and horn were combined; 
the horn being used to assist in breaking the dynamic arc and 
for the gain in discharging low-frequency surges due to the 
smaller difference between the wet and dry spark-over voltages 
The difference between the wet and dry spmdc-over vdtagfof 
points is less than with the horn. A point is sometimes added 
to further increase thejprotection at low-frequency surges. 
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This gap has proved very successful in its sever; 
of practical use, very greatly increasing the protective value < 
arresters. See Fig. 4. Take for comparison equal wet si 
of 50 kv. at 2000 kilocycles the spark-over voltage of the horn 
is 135, the sphere 100. For impulses below 500 kilocycles, 
the spark-over voltage of the horn is lower than the sphere. 
Thus, when a sphere horn is used the discharge takes place 
across the sphere for steep wave fronts and across the horn 
for low-frequency surges. The gainjfdue to Jhe sphere is 
greater at higher voltages and steeper wave 
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covered gap, shown by t he dotted line is super 
fronts. 

The Covered Sphere., If a sphere gap is covered aim snieme* 
from the weather its protective value is greatly increased since 
the setting imposed by the condition that, the normal line 
voltage must not discharge over (.he gap is cu 
a gap, therefore, discharges lightning voltages of half the 
of the uncovered sphere. This gap gives the highest degm 
of protection. It is not possible to use it with 
arresters since a horn is often necessary to assist 
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the dynamic arc. See Fig. 5. A properly designed hemi¬ 
sphere may also be used in this type of gap. 

A gap not appreciably affected by the weather and still 
providing an arc breaking horn may be built as shown in Fig. 
6. The way this accomplishes the desired results will be de¬ 
scribed later. 

Since the gap requires two spheres in series, it is necessary 
to determine if such an arrangement has appreciable time lag 
and, therefore, high lightning-discharge voltages.' Two 6.25- 
cm. spheres connected in series are shown in Fig. 7. If gap A 
is set at approximately 25 kv. and gap B at approximately 75 



Fig. 5—Spheres—Wet and Dry Spark-Oyer Voltages 

6.25 cm. spheres—covered gap—60 cycle and impulse—wet and dry—one sphere grounded 
—data Table V 

kv. the 60-cycle spark is not (25 + 75) = 100 kv. but is 75 kv.; 
the lightning or impulse spark-over is 91 kv. See Fig. 7. 

The two gaps break down at 75 kv., 60 cycles, instead of the 
sum of the two or 100 kv. because the applied voltage does 
not divide evenly between them. The voltage reaches 25 kv. 
across the low-voltage gap and breaks that gap down before 
it reaches 75 kv. on the high-voltage gap. All of the stress 
is thus- transferred to the high voltage gap and it breaks down 
as soon as a total Voltage of 75 kv. is reached. If, now, capac¬ 
ities are adjusted across A and B so that the voltage divides 
in proportion to their relative break down voltages both gaps 
will break down simultaneously. The break down voltage will 
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be equal to their sum, 1 ins is c; 

When two sphere gaps each without appreciable lug 
in series it is found that unless the gups are “halati 
is considerable lag. This would be exported because « 
breaks down first and puts resistance in series with 
of the other similar to the corona in t he needle gap, 

the gaps eauses simultaneous spark 

\ / f —^ over and then* is no appreciable lag 

* .... 

1 See r no <. 

! If t\v«> ga i is ;ire placed m m 1 n**s ;i> 
in Kig. t> and halaneed by pruj*erly ad* 
u " ’ justing their relatHe eapariiies Hot* 

will be no appreciable lag. The rain ulFerts only t he out side gap. 
For example, if the outside gap is set at JO k v . and the m 
side gap at 50 kv. the outside gap may In* reduced h. a k\, b> 
rain. If balanced wet, the total wet spark-over is .m kv, 
while the dry spark-over voltage is about 00 kv, 1 bm gap 
is thus without appreciable lag and not appreciably uibrfotl 
by rain. The only object of the outside gap 
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transfer the dynamic arc to the horn when* if rises ami break n 

The impulse and 00-cycle ehumct.ensf icsof this gap arc .h* n 
in Fig. 8. 

The advantage of the sphere gap is that if gives equal pro¬ 
tection under voltages of all frequencies and wave fn#jg and 
is practically without lag. 

Selective Gaps, Various forms of selective t*i 
proposed from time to time. Probably flu 
and important 
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and shown in Fig. 9. 2 In this gap the division of .voltage is 
not greatly affected at 60 cycles by the auxiliary electrode. 
The auxiliary electrode is held at mid-potential because it is 
connected at the mid-point between two equal condensers. 
The capacity current is too small at 60-cycles to cause any ap¬ 
preciable “drop” across the resistance. If the condenser cir¬ 
cuit were opened on one side, the gap on that side would break 
down at about half voltage. This is exactly what happens 
under impulse. 

For steep wave fronts the resistance has the effect of opening 



Fig. 8-—Wet and Dry Spark-Ovek Covered Double Gap Balanced 

Data Table VI 


the condenser circuit on that side. See Fig. 10. The gap on 
that side breaks down. The voltage does not immediately 
disappear across the arc. The gap has lag for the same reason 
as the double unbalanced gap discussed above. Whether 
it is above or below the 60-cycle setting depends upon the 
impulse. The effect is similar to that which would result 
from a needle gap which could be set at, for instance, 100 kv. 
for 60-cycle operation and instantly and automatically reduced 

2. “Lightning Arrester Spark Gaps,” C. T. Allcutt, Trans. A I E E 
1918, Vol. XXXVII, Part II, p. 855.J 
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selective spheres assuming equal dry 60-cycle settings are pos¬ 
sible. The settings must be such that the line voltage does not 
frequently spark-over and cause the destruction of the energy 
absorbing device under certain operating conditions. The 
effect of rain makes it necessary to set a non-shielded selective 
gap at about double the voltage that would be necessary in 
the protected gap. See Fig. 12. 

Other forms of selective gaps have been devised and it is 
possible to extend the selective principle to a number of gaps 
in series, theoretically (neglecting lag) making it possible to 
discharge an impulse at a small fraction of line voltage. Such 



Fig. 12—Selective Sphere 

60-cycle and impulse—wet and dry—Data Table VIII 

a gap would of course necessitate high initial setting and give • 
very little protection against lightning impulses. 

The selective principle may also be readily applied to covered 
gaps if it is deemed advisable. 

Relative Protective Values of the Gaps Already 

Discussed 

The following comparison of the different gaps is the result 
of extensive research. The tests were made with the impulse 
generator. The methods of conducting the tests, the pre¬ 
cautions, accuracy, etc. are the same as discussed in the 
former paper. 4 For convenience the connection diagrams are 
shown in Fig. 13—(a) is used when the impulse only is ap- 



1919] 


PEEK: TRANSIENT VOLT AGES 


1 14*1 


plied to the gap; (b) when the impulse is supei 
cycle wave. 

There are three cases which require consideration. 1 
Case A. Where the impulse occurs at the zero point < 
60-cycle wave and is thus not affected thereby. 

Case B. Where the impulse occurs at the maximum 
60-cycle wave and is additive. 

Case G. Where the impulse occurs at the maximum of 1 
60-cycle voltage wave, but in the opposite direction. ' 
Case C is naturally the most dangerous case. Case A 
equivalent to applying the impulse without tHbcyele \oi?a 
In making impulse tests it, is found that i here is a cert.: 
minimum impulse voltage that will spark-over the yap mi 
occasionally and that the voltage must he increased to * 
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the wave or rate of application is increased. For instance a 
super-voltage at 100 kilocycles might be steeper than a lower 
voltage at 2000 kilocycles. In making measurements by ad¬ 
justing two gaps in parallel for equal spark-over, as is done in 
the case of super voltages, it is important to arrange the gaps 
symmetrically with equal length of leads; otherwise inconsistent 
results will be obtained. With steep waves and unsymmetrical 
leads it is possible to short-circuit one gap and still obtain 
sparks‘on the other. 

The over-voltages that cause insulation failures in practise 
may be divided into three classes: 

1. Gradual increase of voltage on the line due to static or 
low frequency surges. 

2. Very high frequency oscillations of voltages generally too 
low for any gap arrester to discharge, but which may cause 
very high internal voltages in apparatus. 

3. The form of voltage with which we are principally con¬ 
cerned-lightning voltages of very steep wave fronts where 
the voltage across the apparatus increases from normal to a 
very high value in perhaps a millionth of a second. 

Condition. (1) is readily taken care of by any gap and 
need not be further discussed; (2) is of some interest but is a 
condition generally not taken care of by a gap arrester—some 
results of tests will be given however; (3) is the steep wave 
front condition that represents lightning proper and with which 
we are mostly concerned. 

Relative Protective Value of the Horn, Sphere-horn, Selective 

Sphere Gap apd Covered Gap. 

Impulse Voltages of Steep Wave Front. The spark-over volt¬ 
ages of various types of gaps are plotted with equal wet 60- 
cycle settings in Fig. 14. Values are plotted for both wet and 
dry electrodes. The wave applied was a single half-cycle of 
a 2000 kilocycle wave with a 340-kv. maximum; that is, at 
super-voltage. The rate of application of voltage of the wave 
front was thus about 70 X 10 u volts per second. I believe that 
waves steeper than this occur on lines in practise. In fact, 
I first noted that there was a difference between the 60-cycle 
and lightning spark-over voltages of various electrodes by the 
existence of such waves on an operating line. The bushings 
on the line always “protected” the lightning arrester horns al¬ 
though the horns had a lower 60-cycle spark-over voltage. 
By measuring the impulse spark-over voltages of the bushing 
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and the arrester gap in the laboratory it was found that the 
bushing protected the horn for a wave front at which the 
impulse ratio of the horn was .over (2); this corresponds to a 
steeper wave than the one under immediate discussion. 

It will be noted that the covered gaps give by far the best 
protection under this condition. For example, when all the 
gaps are set on the line at 100 kv., lightning voltage discharges 
respectively at 100 kv. on the covered gap, 115 kv. on the bal- 



anced covered gap, 225 kv. on the sphere of the sphere horn, 
225 kv. on the selective sphere, and 320 kv. on a horn. 

^ Moderate Wave Fronts. A similar comparison is given in 
r ig. 15 for moderate wave fronts. The impulses being single 
a cycles of 100 kilocycle waves, the average fronts ranging 
from 0.5 to 1 . x 10 11 volts per second. 

It will be noted that here, also, the covered spheres give the 
best protection. For example, at a 100-kv. line setting the 
impulse spark-over voltages are respectively 100 kv. for the 
covered sphere, 110 kv. for- the balanced covered sphere, 170 
kv. for the selective sphere, 178 kv. for a horn or the horn of 
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the sphere horn, 130 kv. for points of the sphere-horn, and 
222 kv. for the sphere. If these data are compared with that in 
Fig. 14 the value of the sphere .horn combination is well illus- 
lustrated. For the steep wave fronts the sphere affords the 
better protection, while for the moderate waves the horn 
affords the better protection and a still greater gain is made by 
adding points. This comes about, of course,^due to the differ¬ 
ence between the wet and dry setting. 



F IG . 16—Relative Protective Values of Various Gaps 

Impulses imposed on and opposite to the maximum of the 60-cycle wave—data Table XII 

Ratio for Comparing the Relative Protective Value of Various 
Gaps . From the above discussion it is readily seen that in 
order to compare the relative protective value of various gaps 

two factors must be considered. 

1. The increased 60-cycle setting imposed by operating con¬ 
ditions to prevent the gap from continuously discharging due 
to rain or harmless surges. Let the ratio of the actual operating 
setting to the normal setting be called a where the normal 
setting is the setting that just prevents the line voltage from 
arcing over under ideal conditions. 
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2. The impulse ratio (or apparent impulse ratio for the 
selective gap) for the wave under consideration. Let the im¬ 
pulse ratio be called ft 

The relative protective value of two gaps is then. — 

of*> p 2 

For example:—a gap must be set at 50 kv. (max.) to prevent 
the 60-cycle line voltage from causing it to spark-over under 
ideal conditions. The relative protective values of a horn and 



Pig. 17 —-Rblativk Ulschaicuk Vaguks ►mmikkk.s, Sklkctivk Sphereh, 
Oovkkwd Spiikuks, 50,000 Cycle Sustained Osculation— 

Data Table XIH 

a covered sphere for the 2000 kilocycle wave are obtained as 
follows from Figs. 3 and 5. 

Horn Covered Sphere 

oci =■ 75/50 = 1.50 (X-, =s 50/50 ™ 1 

* * 1 . 55/75 - ;i .77 til - 50/50 - 1 

Pi » 1.50 x 1.77 - 2.05 a, ft, - 1 

on 0i I at 02 = 2.65 

The horn permits the lightning voltage to rise to 2.65 times 
the value of the voltages permitted by the covered sphere. 

Combination of Lightning and 60-cycle "Voltages. The lightning 
spark-over voltage is a minimum when it occurs at the maximum 
of the 60-cycle wave and in an additive direction (case B). The 
lightning voltage is a maximum when it occurs at the maximum 
of the 60-cycle wave but in the opposite direction (Case C). 
The relative effects are approximately the same for all of the 
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types of gaps discussed. If the lightning voltages for case A, 

Case B, Case C and the 60-cycle line voltage are called A, B, C 

* 

and L respectively the lightning spark-over voltages are ap¬ 
proximately: 

. Case A. A 

Case B. A — L 

Case C.. A + L 

Data for Case C are plotted in Fig. 16. 

High Frequency Oscillations . The effect of sustained high 
frequency oscillations not very highly dampened is shown in 
Fig. 17. For connections see Fig. 13 (c). It is probably very 
rarely that oscillations with such a low damping factor occur 
on a transmission line. The arcing ground condition is more 
nearly approximated by a series of the impulses discussed above. 
Note that the horn and points give good protection for sustained 
oscillations. 

Line Insulators, Bushings and Insulation 

General . Line insulators and bushings should have a high 
impulse ratio or lightning arc-over voltage. The bushing men¬ 
tioned above as protecting the horn had a low impulse ratio. 
The 60-cycle and lightning spark-over voltages were nearly 
equal. The horn would have given protection in this case if 
the impulse ratio had been higher. Bushings are now designed 
with a high impulse ratio. 

The 60-cycle spark-over voltage of a bushing or insulator 
is often very appreciably lowered by rain. It is fortunate, 
however, that the lightning spark-over voltage is not appre¬ 
ciably changed by rain. 

The data below were taken on different lengths of strings of 
Hewlett disk insulators. The impulse was a single half-cycle 
of a 200-kilocycle wave, or of very moderate wave front. 


SPARK-OVER VOLTAGES—DISK INSULATORS 
(One side Grounded—Dry) 


No. of 
units 

60-cycle 

spark-over 

Impulse 
spark-over 
200 kc. 

Impulse 

ratio 

String 

efficiency 

60-cycle 

String 

efficiency 

impulse 

200 kc. 

1 

80 

85 

1.06 

* • « • 

* « ■ * 

2 

142 

167 

1.18 

0.87 

0.98 

3 

204 

262 

1.28 

0.85 

0.99 

4 

261 

345 

1.36 

0.81 

1.01 

5 

317 

410 

1.30 

0.79 

0.97 

6 

368 

• • • 4 

• * « * 

0.77 

* • • • 


Measured spark-over of string 


String efficiency = 


Number of units in string X spark-over voltage of one unit 
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It is interesting to note that even with this moderately 
steep wave front the lightning spark-over voltage is approxi¬ 
mately the product of the spark-over voltage of a single unit 
and the number of units in a string. The impulse voltage 
increases with increasing steepness of wave front. 

The wet impulse spark-over voltage is approximately the 
same as the dry. 

Impulse ratios of three or more have been obtained on bush¬ 
ings. More complete data on line insulators have been pub¬ 
lished elsewhere. 6 

Conclusions 

1. There is a great difference in the relative lightning spark- 
over voltages of different gaps as well as a great difference in 
the settings imposed by operating conditions. Both of these 
factors must be considered in comparing the relative protec¬ 
tive values. It is shown that if the lightning spark-over 
factor is represented by the impulse ratio /?, and the setting 
factor by a, the relative protective value of two gaps are 

inversely as ■ —~ . 

(X 2 p 2 

* 

2. /3 is due to time lag; a to the fact that the gap must be 
set so that the normal line voltage will not cause it to spark- 
over. Rain lowers the 60-cycle spark-over voltage of all gaps, 
and thus affects the ratio a . Rain does not lower the lightning 
spark-over voltage. 

3. All uncovered gaps require a high setting factor, because 
rain lowers the spark-over value at 60 cycles. The effect is 
much less for points than it is for spheres. 

4. The covered sphere gives better protection than any un¬ 
covered gap, because both a and /3 are low. The protective 
value is constant under all conditions. 

5. The sphere-horn, having electrodes of points, horns, and 
spheres, gives very good protection over the whole range of 
frequency or wave front, due to the different values of a and 
P for its various electrodes. The spheres discharge the very 
steep waves, the horns the moderate ones, and the points 
continuous high frequency, waves of very slanting front and 
static. 

6. The protective value of the selective gaps, as the name 

6. “Factors Determining the Safe Spark-over voltage of Insulators 
and Bushings for High-Voltage Transmission Lines,” F. W. Peek, Jr. f 
General Electric Review , June 1916. 
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implies, varies with the wave front. Its protective value is 
a minimum for very steep wave fronts, and for waves of slant¬ 
ing front. Over a certain range its protective value is very 

good. 

7. The relative protective values of various gaps are shown 
in Figs. 14, 15 and 16. 

8. The relative protective values of various gaps are ap¬ 
proximately independent of the point on the 60-cycle wave at 
which the discharge occurs, as shown in Figs. 14, 15 and 16. 

9. Data are given on the steepness of lightning waves actually 
occurring on transmission lines in practise. 

10. Bushings and insulators with equal 60-cycle spark-over 
voltages may have entirely different lightning spark-over volt¬ 
ages. A bushing or insulator should be designed for a high 
impulse ratio or lightning spark-over voltage. 

11. The lightning wet spark-over voltage of a bushing or 
insulator is the same as the dry spark-over voltage. 

APPENDIX 

TABLE II 
SPHERE GAP 


Wet and dry 60-cycle and impulse spark-over. 
6.25-cm. spheres—One grounded 2 in. rain per minute. 


Spacing 

Spark-over voltage (maximum) 

60-cycle 
and impulse 
dry 

60-cycle 

wet 

Impulse 

83 kc. 
wet 

Impulse 

500 kc. 
wet 

Inch 

Cm. 

0.5 


1.27 




40 


1 . 


2.54 

68 


33 

71 

72 

2. 


5.08 

103 


51 

105 

106 

3. 


7.62 

121 


61 

126 

130 




Case B 





Impulse assisting and at maximum of 60-cycc wave. 






Impulse 








dry 








500 kc. 





1 


2.54 

52 





2 


5.08 

60.5 





3 


7.62 

86 








Case C 




Impulse opposing and at maximum of the 60-cycle wave. 



1 


2.54 

108 





2 


5.08 

148 





3 


7.62 

160 






No parallel gap—one discharge in five applications 60-cycle voltage % dry discharge 


voltage of the gap in cases B and C. 




1919] 


PEEK: TRANSIENT VOLTAGES 


1157 


TABLE III 

60-CYCLE AND IMPULSE SPARK-OVER OF TWO GAPS IN SERIES. 

6.25-ctn. spheres. 

One sphere grounded. 


Spacing 

gap 

■ 

60 cycle spark-over 

Impulse 

spark- 

over 

Impulse 

ratio 

A 

B 

A 

B 

Sum 

A 

Measured 

A 

500 


Inch 

Cm. 

Inch 

Cm. 

and B 

and B 

kc. 




• 

Gaps not balanced for simultaneous spark-over 



0.45 

1.19 

1.02 

2.59 

35 

68 

103 

72 

86 

1.20 

0.45 

1.19 

2.15 

5.46 

33.7 

107 

140 

106 

129 

1.21 



Gaps balanced for simultaneous spark-over 



0.45 

1.19 

1.02 

2.59 

35 

67 

102 

101 

103 

1 ®02 

0.45 

1.19 

2.15 

5.46 

33.7 

107 

140 

136 

144 

1.06 


Impulse voltages applied and increased in values until one- spark-over occurred in five 
applications. No. 60-cycle voltage on the gap. 


TABLE IV 
HORNS 

Wet and dry 60-cycle and impulse spark-over 
Voltage of horns (3/8 in.) 

0.2 in. rain—one horn grounded. 




Spark-over voltage—maximum 

Spacing 

Dry | 

Wet 

Inch 

Cm. 

60 cycle 

500 kc. 

2000 kc. 

60 cycle 

500 kc. 

2000 kc. 

0.25 

0.63 

. 

19 



9.2 

• 

4 • • 4 


0.5 * 

1.27 

35 

39.7 

44.5 

19.7 

• • • • 

.... 

1 

2.54 

50 

53 

63.5 

31.0 

• • • ■ 

45 

2 

5.08 

69 

88 

96.5 

41.5 

*444 

99 

3 

7.62 

74.5 

105 

148 

52 

117 

148 


No parallel gap.—One discharge in five applications. 2000 kc. (b) wave Table XIV. 
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TABLE V 

COVERED SPHERES 

Wet and Dry—60-cycle and Impulse Spark-over Voltage 




6.25-cm. spheres- 

—One sphere grounded. 



Spacing 

Spark-over Voltage—Maximum 

In ches 

Cm. 

60 cycles 
dry 

500 kc. 
dry 

2000 kc. 
dry 

60 cycles 
wet 

500 kc. 

wet 

2000 kc. 
wet 


Case A—No. 60-cycle voltage on the gap. 


0.50 

1.00 

2.0 

3.0 

1.27 

2.54 

5.08 

7.62 

* * * • 

68 

103 * 

121 

* 

tit* 

68 

103 

121 

68 

103 

121 

• • * • 

68 

103 

121 

68 

103 

121 

• •it 

68 

103 

121 

Case B — Impulse assisting and at maximum of the 60 cycle voltage. 

1 

2.54 

• • • • 

52 

• • • • 

• • • • 


* • • • 

2 

5.08 

• • • • 

60.5 

• • • • 

• * • • 

.... 

* » • • 

3 

7.62 

© 

• * • • 

86 

• • • • 

• • • * 

.... 

• • • • 


Case C- 

—Impulse opposed to and at maximum of the 60-cycle voltage. 

1 . 

2.54 

■ • • * 


• • • • 

.... 

• ■ • » 

■ • • • 

2 

5.08 

• - • ■ 

148 

• * • * 

• • • • 

• • • • 

• ■ ■ • 

3 

7.62 

• • • 

160 

■ • • • 

• • « • 

* • • • 

* • * • 


No parallel gap—One discharge in five applications—60 cycle voltage K dry discharge 
voltage of the gap applied in cases B and C. 2000 kc (b) wave Table XIV. 


TABLE VI 

Double Covered Sphere Gap—Balanced 
Balanced Wet 

(0.2 in. Rain—6.25-cm. spheres—One sphere grounded) 


Total 

60-cycle 

spark 

over 

max. 

Gap setting 

Kv.max. 

dry 

Impulse 
spark over 
total kv. max. 

A 

B 

Wet 

Wet 

500 kc. 

2000 kc. 

50 

14 

42 

59 

63 

79 

23.5 

71 

89 

91 

124 

35 

105 

118 

117 




Dry 

Dry 

48 

14 

jl 

42 

61 

51 

■ 80 

23.5 

71 

83 

71 

123 

35 

105 

132 

122 


Average measured voltages. 2000 kc. (b) wave Table XIV. 
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TABLE VII 

SELECTIVE SPHERE-HORN 

(6.25-cm. Spheres with Auxiliary Electrode). One side grounded. 


Gap setting 

60-cycle 

spark- 

over 

kv max. 

60-cycle 

spark- 

over 

1 gap 
kv. max. 

Impulse 

spark- 

over 

total 

'gap 

Apparent 

impulse 

ratio 

Impulse 

ratio 

In. 

Cm. 

Single half cycle 83 kilocycles 

K 


1.27 


23 


28 


1.21 

2 


5.08 

1 | 

67 


81 


1.20 

3 


7.62 

121 

88 


113 

KB 

1.29 

Single half cycle 500 kilocycles 

I A 
/2 


1.27 


23 


32 

0.84 

1.40 

2 


5.08 

1 

67 


87 

0.83 

1.30 

3 


7.62 

121 

88 


109 

0.90 

1.24 

Single half cycle 2000 kilocycles (a) wave 

I / 

/2 


1.27 

38 

23 


34 

0.90 

1.48 

3 


7.62 

121 

88 


114 

0.94 

1.30 







Impulse 

Apparent 

Wave front 







spark- 

impulse 

volts 







over 

ratio 

sec. 







total gap 



3 


7.62 

121 

88 


113 

0.94 

0.4 X 10“ 

3 


7.62 

121 

88 


109 

0.90 

2.1 X ion 

3 


7.62 

121 

88 


114 

0.94 

9.1 X ion 

3 


7.62 

121 

88 


110-120* 

.91-1.00 

60 X lOn 

3 


7.62 

121 

88 


106-133* 

0.88-1.10 

110 x ion ' 

3 


7.62 

121 

88 


130-132* 

1.07-1.10 

133 X ion 


Above data for Case A—Impulse applied at zero of 60-cycle wave. 
(*Range of equal spark-over.—Super Voltages, (b) wave Table XIV.) 
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TABLE VIII 

• SELECTIVE SPHERES 

Wet and Dry 60-cycle and Impulse spark-over 6.25-cm sphere—One Grounded 

0.2 in. Rain per minute 


Case A 



60-cycle 


Impulse 



Spacing 

spark-over 


spark-over 




Kv. 

max. 


kv. max. 






• 

Dry 

Wet 

T n pq 

Cm. 


Wet 





X ilOUOO 

i y 









500 kc. 

2000 kc. 

500 kc. 

2000 kc. 

0.5 

1.27 



32 

34 



I 

2.54 


33- 

49 

• * • » 

41 

48.5 

2 

5.08 

1 

51 

87 


74 

89 

3 

7.62 

121 

61 

109 

114 

104 

113 


Case B—Impulse assisting and at the maximum of the 60-cycle 

wave. 

1 

2.54 



54 




2 

5.08 

.... 

• • • ♦ 

54 




3 

7.62 

.... 

.... 

67 

.... 

.... 

.... 

Case C—Impulse opposing and at max. of 60-cycle wave. 

1 

2.54 



97 




2 


.... 

.... 

115 




3 

7.62 j 

.... 

.... 

147 

.... 

.... 

.... 


Applied 60-cycle voltage ]/z dry 60-cycle voltage of the gap and impulse one discharge 
in five applications. (2000 kc (a) wave Table XIV.) 


TABLE IX 

SELECTIVE SPHERES 

12.5-cm. Spheres—Non-Grounded Impulses 

Case—A 


Setting 

60-cycles 

spark-over 

Kv. (max.) 

Impulse 

Spark-over 

Inches 

Cm. 

2000 kc. 

340 kv. (max.) 

100 kc. 

single-half cycle. 



Dry 

Wet 

Dry 

Wet 

Dry 

Wet 

2.80 

7.10 

162' 

66 

133 

153 

107 

109 

5.34 

13.5 

227 

102 

233 

242 

170 

174 


Super Voltage Impulses measured at equal spark-over. 2000 kc. (b) wave. 
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TABLE XII 

IMPULSE SPARK-OVER VOLTAGES WHEN THE 60-CYCLE LINE VOLTAGE 

IS ON THE GAP—CASE C. 


Spacing 


60-cycle 

spark-over 


Inches Cm. 


Kv. max. 

Dry I Wet L. 


2.80 

5.34 

7.10 

13.5 

162 

227 


2.80 

5.34 

7.10 
13.5 

162 

227 


0.70 

1.58 

1.8 

4.0 

50 

100 


Ap¬ 

plied 

60- 

cycle 

Impulse spark-over kv. 
2000 kc. 

max. 



Case A 

Sum 

Case C 
measured 

Kv. 

No. 60-cycle 

A & L. 

impulse 

L. 

Dry Wet 

Dry 

Wet 

Dry 

Wet 


Selective spheres 12.5-cm. 


66 50 138 135 

102 76.5 227 .... 


Spheres 12.5 cm. 





50 

76.5 


Covered Spheres 6.25-cm. 


37.5 

75 


164 

214 


227 

303 

303 





2.54 

51 

30.7 

23 

58.5 

5.08 

40.6 

67.5 

30.5 

105 

7.62 

52 

75 

39 

145 



83 

140.5 

189 


Case C—Impulse applied opposed to the maximum of the 60-cycle wave. 
Applied 60-cycle kv. 75 per cent of wet 60-cycle spark-over. 

Gaps not grounded. One discharge in five impulses. 

2000 kc. (b) wave Table XIV. 
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TABLE XIII 

SPARK-OVER VOLTAGES OF GAPS FOR SUSTAINED HIGH FREQUENCY 

OSCILLATIONS. 


Gap-setting 


Frequency of oscillations— 
Spark-over kv. max. 


Inches Cm. 



Setting 
Kv.-60 cycles 
Wet 
100 
130 



Inches Cm. 



2.80 

7.10 

112 

105 

100 

5.34 

13.5 

200 

143 

131 


Dry I Wet | Dry I Wet | Dry 


Selective Spheres 12.5-cm. 


77 90 77 

126 127 120 




Spheres 12.5 cm. 


2.80 

' 7. 

10 

162 

106 

162 

5.34 

13. 

,5 

227 

173 

227 



163 106 

162 

12.27 173 

227 



Double gap—Balanced—Covered 



100 

112 

124 

147 


Covered Spheres 


50 

50 

50 

100 

100 

100 



Horns 



58 

33.5 

82 

54 

97 

67 



2. 

,54 

5. 

.08 

7. 

.62 

10, 

.2 

12, 

.7 



28.5 

28.5 

46 

46 

64 

64 

74 

74 

88 

88 



50 

1 50 

100 

I 100 
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TABLE XIV 
IMPULSE GENERATOR CONSTANTS 


Wave 


Single Half 
Cycle-—Sine 
Single Half 
Cycle—Sine 
Single Half 
Cycle—Sine 
Single half 
Sine (a) 


Capacity 

farads 

Inductance 

henrys 

Resistance 

1.25 X 10" 9 

3.73 X 10~ 3 

1000 

1.25 X 10" 9 

3.73 X 10“ 3 

2000 

0.62 X 10~ 9 

0.28 X 10" 3 

750 

0.625 X10- 9 

3.34 X10- 5 

450 

i 9.n v in -9 

8.7 X10- 5 

3000 



1919 ] 


DISCUSSION AT LAKE PLACID 


1165 


Discussion on “The Effect of Transient Voltages on 
Dielectrics II” (Peek), Lake Placid, N. Y., June 27, 
1919. 

Wm. A. Del Mar: Mr. Peek showed a series of curves giv¬ 
ing the spark-over voltages for different gaps. I want to ask 
him whether it may be deduced from these curves that the In¬ 
stitute standard spark-gaps are correct with either dry or wet 
spark balls for voltages having a frequency of one million or 
more cycles per second. 

F. W. Peek: Replying to Mr. Del Mar, the Institute 
standard sphere gap curves read correctly for either 60-cycle 
or transient voltages when the electrodes are dry. When 
the sphere surfaces are wet the gap sparks over at about 
half this value at 60 cycles, but for transients of the order of 
a single half cycle of a one-mlliion-cycle sine wave the 
spark over voltage is practically as given on the standard 
curves. There would, of course, be considerable error for 
continuously applied undamped high-frequency voltages. 

C. T. Allcutt: Perhaps the most serious fault with Mr. 
Peek’s paper is the presentation of a large amount of experi¬ 
mental data on discharge gaps, without giving any description 
whatever of the actual gap structures tested by him. He gives 
a diagrammatic representation of his ingenious balanced dou¬ 
ble-sphere gap and describes the theory of its operation, but 
his description of the gap structure itself is limited to the fig¬ 
ures regarding the size of spheres employed. Whether the gap 
tested was a laboratory model or a commercially practicable 
gap such as might be applied to an electrolytic arrester has been 
left to the imagination of the reader. It is impossible for other 
experimenters to check Mr. Peek’s results without further in¬ 
formation concerning his apparatus. 

Even more objectionable is his failure to describe the struc¬ 
ture used by him in testing the type of selective gap now known 
commercially as the impulse gap. I wish particularly to call 
attention to the data given in Table VII. These data were 
given by Mr. Peek at the Atlantic City Convention last June, 
in his discussion of my paper on “Lightning Arrester Spark 
Gaps.” 1 These data, which apparently contradicted my own, 
were presented by Mr. Peek without any description being 
given of the gap structure used in his experiments, the natural 
inference being that he had used a gap structure built exactly 
according to the description given in my paper. The fact that 
he presented these apparently contradictory data without giv¬ 
ing sufficient information to enable the reason for the discrep¬ 
ancy to be pointed out was called to his attention in the closure 
to^that discussion. 2 It is unfortunate that Mr. Peek has not 


, 1. c. T. Allcutt, “Lightning Arrester Spark Gaps,”, Transactions, 
A. I. E. E. Volume XXXVII Part II, p. 833. F. W. Peek, Discussion, 
Transactions A. I. E. E., Vol. XXXVII. Part II, p. 855. 

2 . C. T. Allcutt, Discussion Trans. A. I. E. E., Vol. XXXVII. Part 
II, p. 867. 
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taken advantage of this opportunity to correct the omission. 
Following are a few of the facts that should have been included 
in his paper and without which his data are of little value. 

(1) Nature and capacity of condensers employed. 

(2) Nature and resistance of unbalancing resistors em¬ 
ployed. 

(3) Size, shape and position of auxiliary electrode. 

(4) Position of the various conducting elements of the gap 
structure which determine the capacity between the various 
electrodes. 

The same objection applies to the data given in Table IX, 
although in this case there is no direct implication that the gap 
tested was substantially the same as the one described by me 
last June. In fact, some of the data given in Table IX check 
fairly well with some results of tests that have been made in 
our laboratory on the standard commercial impulse gap struc¬ 
ture so it is entirely possible that some of Mr. Peek's tests were 
made on such a gap. The difference existing between Mr. 
Peek's results and those given in the curves accompanying this 
discussion may then be due either to a gap structure differing 
materially from the one used in my tests, or, to improper ad¬ 
justment of the gap electrodes and the fact that Mr. Peek's 
tests were made with non-grounded impulses. It is obvious 
that under service conditions one of the electrodes is at ground 
potential until after the discharge across the gap has taken 
place, so any tests made should be with one electrode grounded 
if service conditions are to be properly simulated. 

The use of non-grounded impulses is also open to criticism in 
connection with the tests on the balanced, double-sphere gap 
recorded in Table X, although in this case it is not believed that 
the test results would be much changed by the use of grounded 
impulses. 

As I do not believe that Mr. Peek's data on the selective gap 
in any way represent the characteristics that are obtained in 
practise with the commercial form of impulse gap, I am pre¬ 
senting here curves showing the discharge characteristics of a 
standard 44-kv. impulse gap. For comparison with Mr. Peek's 
data I have plotted the curves showing the impulse discharge 
voltage as a function of the 60-cycle discharge voltage under 
rain conditions. I heartily endorse Mr. Peek’s contention that 
this is the only proper basis of comparison for gaps used out of 
doors. For some time past in our laboratory we have been 
comparing protective gaps on the basis of what we have termed 
“protection factor" instead of on the basis of “impulse ratio." 
Protection factor is defined tentatively as the ratio of the im¬ 
pulse discharge voltage to the 60-cycle discharge voltage under 
rain conditions. For in-door gaps the protection factor is the 
same as the impulse ratio. Mr. Peek's quantity is proportional 
to the protection factor. 

Fig. 1 is a photograph of the gap tested. Fig. 2 is a sche¬ 
matic diagram of the electrical circuit of the gap. The capaci- 
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tance for _ maintaining the auxiliary electrode at the proper 
potential is furnished by the pin type insulators (a) and (6). 
These insulators have an electrostatic capacity of about 2 X10~ n 
farads. Due to the effect of capacity to ground, the auxiliary 
electrode is not maintained at a potential half way between the 
potentials of the two main electrodes by the condensers (a) and 
(o). It has been found by experiment that the proper position 
of the auxiliary electrode is such that its distance from the 
sphere horn “m” is _ six-tenths of the gap length. In this 
position it does not disturb the field when a 60-cycle voltage is 
applied across the gap. The unbalancing resistance is furnished 
j?y the resistors _ (c) and (d). These resistors have about 
250,000 ohms resistance each. The resistors are about 12 in. 
(30 cm.) long and are of a special composition that retains its 



Fig. 2—Diagram of Impulse Gap 

high resistivity under the most severe conditions of high voltage 
and higS frequency. They are enclosed in porcelain tubes 
mounted on the porcelain pillar ( e ). The auxiliary electrode 
(/) is a pointed brass rod 0.0808 in. (0.2 cm.) in diameter held in 
a in. (0.95 cm.) diameter brass support member (cj), which is 
in turn mounted on an arm Qi) of 1 in. (2.54 cm.) angle iron. 
The hemispheres ( j) mounted on the horns are made of brass 
and are 12.5 cm. in diameter. In practise the charging resist¬ 
ance of the arrester is connected between the horn members ( k ) 
and ( l ). For the purpose of test, (k) and ( l ) were connected 
together and grounded to the frame of the gap structure. 

The impulse discharge voltage of the gap was determined 
by direct comparison with a 12.5 cm. sphere gap connected in 
parallel with it. The high-tension electrodes of the gap under 
test and of the sphere gap were connected together by a straight 
lead and the connection to the impulse generator was brought 
out from the middle point of this lead. The impulse generator 
itself was connected as shown in Mr. Peek’s Fig. 3 (Case A). 
The following circuit constants were employed: 

For 100 kilocycle impulse, e = 5 X 10~ 3 farads. 

L = 1.25 X 10- 3 henries and R = 1000 ohms. 
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For 420 kilocycle impulse, C= 5 X 10“ 9 farads. 

L = 8.3 X 10~ 5 farads, R d = 320 ohms. 

For 3000 kilocycle super-impulse, C = 5 X 10~ 9 farads. 

L = 8.3 X 10 —5 henries and R = 4800 ohms. 

The condenser employed consisted of a stack of one hundred 
impregnated paper condensers connected in series. Each con¬ 
denser had a capacity of 0.5 microfarad.. Single layer sole¬ 
noids were used as inductances in the oscillating circuits and 
water tube resistances were employed. The test methods fol¬ 
lowed were those outlined in my papers. 3 



60 ~ DISCHARGE VOLTAGE-WET KV. MAX. 

Fig. 3—Impulse Gap Characteristics 

Figs. 3, 4 and 5 give the results of tests made with impulse 
voltages of different steepness of front. The lowest curve, 
marked “Impulse gap with extra capacity,” gives the results 
of tests made on the standard gap structure but with additional 
capacitance connected between the auxiliary electrode and each 
horn, bringing the total capacity on each side of the auxiliary 
electrode up to about 10~ 10 farads. This capacity is about the 
same as that employed in the experimental gap described in my 
1918. paper and these results check quite well with the results 
published in that paper. It will be seen that the improvement 
due to the additional capacity is slight at 100 kilocycles and 
420 kilocycles (Fig. 3 and 4) and, since it is believed that this 
represents the range of frequencies to be expected in practise, 

3. “Lightning Arrester Spark Gaps,” C. T. Allcutt, Transactions 
A. I. E. E., Vol. XXXVII. 
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the added expense of the extra capacity was not believed justi¬ 
fied in the commercial design. 

Fig. 5 is given for the purpose of comparison with the tests 
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at 2000 kilocycles, upon which Mr. Peek lays such stress. # The 
tests were made with a 213-kv. wave having the same initial 
steepness as Mr. Peek's 340-kv. 2000-kilocycle wave. I be¬ 
lieve this wave to be much steeper than any that can be ex¬ 
pected in practise. The initial steepness of Mr. Peek's 2000- 
kilocycle wave is about 1.2 X 10 -13 volts per second^ This is 
equivalent to a 340-kv. sine wave of more than 5000 kilocycles. 
From the data given by Mr. Steinmetz in his recent paper 4 it 
may be shown that an infinitely steep wave front of 340-kv. 



Fig. 6—Comparison of Wave Fronts 


magnitude will be reduced to a maximum steepness of 3.2 X 10~ ] 2 
volts per second after travelling 30 meters. This is only one- 
third as steep as the wave used by Mr. Peek. Even if we ad¬ 
mit the possibility of starting an infinitely steep wave front in 
a transmission line, it would have to be started within a few 
feet of an arrester in order to apply as steep a wave front to the 
gap as Mr. Peek used in his laboratory tests. For this reason 
it is not believed that the results shown in Fig. 5 in any way 
represent a condition liable to occur in practise. Fig. 6 shows 
the wave fronts used by Mr. Peek and myself. A 2000-kilo¬ 
cycle sine wave front is also plotted for comparison. 


4. “General Equations of the Electric Circuit,” C. 
Trans. A. I. E. E., Vol. XXXVIII, p. 191. 


P. Steinmetz, 
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Figs. 7 and 8 show the discharge characteristics of the selec¬ 
tive gap in comparison with the covered or indoor sphere gap 
and Mr.- Peek’s balanced double-sphere gap. _ Fig. 7 shows a 
covered or indoor impulse gap as compared with a covered or 
indoor sphere gap. Fig. 8 gives the characteristics of a double 
balanced sphere gap in comparison with those of one of a num¬ 
ber of for ms of protected impulse gaps that are being experi¬ 
mented with. Fig. 9 shows diagrammatieally the protected 
im p uls e gap tested. The gap structure shown in Fig. 1 was 
used for the main gap and a 6.25 cm. sphere gap connected be¬ 
tween the auxiliary electrode and one of the main electrodes. 
The sphere gap (g) shunting one-half of the main gap may be 



Fig. 7—Covered or Indoor Impulse Gap 


protected from the weather. A discharge across (g) is followed 
immediately by a discharge between the auxiliary electrode (a) 
and the horn (&). The rising arc quickly transfers from the 
auxil iar y electrode (a) to the horn (c), shorting out the arc 
across (g) and effectively extinguishing it. This construction 
has been found to secure a very quick and effective suppression 
of the arc across (g), this permitting the use of a relatively small 
shelter. 

In the present state of development, however, there is some 
doubt as to the efficacy of the protected gap structures pro¬ 
posed. We have found that merely wetting the surfaces of the 
electrodes of a gap will reduce the discharge voltage to prac¬ 
tically as low a value as will actual rainfall. It is obvious that 
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a shelter which merely protects a gap from direct rai r ail cannot 
prevent the formation of moisture on the electrodes in foggy 
weather, and unless the electrodes can be kept dry under all 
conditions the purpose of the shelter will be defeated. 

In his discussion of the balanced double sphere gap Mr. Peek 
apparently loses sight of the fact that an unbalanced 
sphere gap actually has a lower impulse discharge voltage than 
a balanced double sphere gap with the same gap setting. The 
higher impulse ratio of unbalanced gap is due to the fact that 
unbalancing the gap causes a greater reduction in the 60-cycle 
discharge voltage than in the impulse discharge voltage. This 



Pig. S—Comparison between Protected Impulse Gap and Balanced 

Double Sphere Gap 


may be illustrated by reference to Mr. Peek’s Table III Mr 
Peek finds that two gaps in series set at 0.45 cm. and 2.59 cm! 
respectively, will spark ove on 60 cycles at 72 kv., unbalanced, 
and at 101 kv., balanced. On a 500-kilocycl6 impulse the same 
gaps will discharge at 86 kv., unbalanced, and 103 kv., balanced. 
It is obvious from these figures that the best protection would 
be obtained by having the gaps unbalanced for impulse volt- 
ages and balanced for 60-cycle voltages. This can be accom¬ 
plished by connecting a high resistance or a reactance in series 
with one of the condensers used for balancing the voltage across 

the gaps, by applying the selective principle of the impulse 
& a P* 

p n6 i ° f re - asoni ^ g 2i v en in his discussion at At¬ 
lantic City, Mr. Peek again maintains in his present paper that 
the impulse ratio of the selective gap is an “apparent” impulse 
ratio. We look m vam for a statement of his definition of true 
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impulse ratio as applied to a selective gap. From the figures 
he gives in Table VII we may infer that Mr. Peek's definition of 
impulse ratio as applied to such a gap reads something like this: 
“The impulse ratio of a selective gap is the ratio of the impulse 
spark-over of the gap to the 60-cycle spark-over of a sphere gap 
having one-half of the gap setting of the selective gap.” What 
is the reason for this arbitrary definition? Certainly not be¬ 
cause the impulse gap may be regarded as consisting of two 
distinct gaps in series. The balanced double sphere gap also 
consists of two gaps in series and yet its impulse ratio is com-' 
puted according to Mr. Peek’s original definition of the term 
(See Table III). Suppose this same balanced double sphere 



Fig. 9—Diagram of One Form of Protected Impulse Gap' 

gap were made into a selective gap by the simple expedient 
mentioned in the preceding paragraph. What would be the 
definition of its impulse ratio? I believe it will be found sim¬ 
pler to use the term “impulse ratio” in accordance with Mr. 
Peek's original definition than to attempt to evolve a new defini¬ 
tion for every new type of gap that may be devised. 

In discussing the theory of operation of the selective gap, Mr. 
Peek falls into the error of assuming that the discharge voltage 
from the auxiliary electrode to one of the main electrodes is 
one-half the discharge voltage of the whole gap. In the select¬ 
ive gaps which I have described and tested the discharge voltage 
of the half-gap was approximately one-quarter the discharge 
voltage of the whole gap, since the half-gap is, in effect, a needle 
gap while the whole gap is a sphere gap. Experimental data 
showing this fact are given in the discussion previously referred 
to. 5 If the half gap of the selective gap tested by Mr. Peek did 
have the characteristics that he ascribes to it, (in Table VII, 
for example), it must have been quite different in design from 
the one tested by me. 

5. C. T. Alleutt, Diseussion, Transactions, A. I. E. E., Vol. XXXVII, 
page 868. 
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F. W. Peek, Jr.: My object in writing this paper was 
to put into convenient practical form, spark-over data for 
various transient and lightning voltages for different types 
of gaps. The gaps discussed range all the way from the needle 
gap and the horn to the large sphere. It is pointed out that 
the protective value of a gap depends not only upon the light¬ 
ning spark over voltage, but also upon the setting imposed by 



Fig. 10 


operating conditions^ A ratio is given dependent upon both 
of these factors. This ratio gives the true relative protective 
value of a gap and may, therefore, be called the protective ratio. 
I have also given measured data on the steepness of waves 
actually occurring on operating transmission lines. Much 
steeper waves than any used in these tests have been observed 
on transmission lines. In fact, I first noticed that the lightning 
spark-over of certain gaps was much higher than the normal 
spark-over voltage by such waves on a large transmission 
system. 



Fig. 11 


I called attention to the importance of considering the effect 
of rain on the spark-over voltage in my discussion at Atlantic 
City last year. Complete data are now given for the effect 
of rain, etc. The relative protective values of the various 
gaps are given in Figs. 14,15 and 16 in my paper. 

Mr. Allcut has asked a number of questions with particular 
reference to the selective gap, which I will try to answer. I 
have always tried to give complete data as to methods and 
constants. .Much of this will bo found in my 1915 paper my 
discussion at Atlantic City, and in the appendix to the pres¬ 
ent paper. I believe that all of the data necessary to dupli¬ 
cate the work are given. 

Various types of condensers were used such as glass plates 
of very large capacity and high-capacity line insulators. The 
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condensers used in the test had a capacity of the same order 
as those used by Mr. Allcut. 

Water tube resistance was used. Anything above 200,000 
ohms gives satisfactory results. The resistance should be as 
large as possible without giving an appreciable drop due to 
the 60-cycle capacity current. 

The auxiliary electrode was placed between the spheres and 



Fig. 12 


set to give maximum 60-cycle spark-over and minimum 
lightning spark over voltage. 

It is true that careful adjustment of the auxiliary electrode 
is necessary. It is not, however, especially difficult to make 
this adjustment and keep it in the laboratory. The gap is 
also quickly thrown out of adjustment due to leakage by rain 



Fig. 13 


on the condensers. I have not found the exact size of the 
center electrode of the utmost importance. Tests were made 
on wires varying from 0.035 in. to 0.25 in. The smaller 
sizes were used on the 6.25-cm. spheres. A small enough 
electrode was used to give the best results. Some difficulty 
was had with the very small ones due to vibration caused by 
the 60-cycle voltages, . 
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The sphere part of the gap was always arranged so that 
distortion did not take place and the spark-over voltage thus 
corresponded to the standard curves. 

Some of the tests were made as a matter of convenience 
without grounding one sphere. Check tests with one sphere 
grounded show that the relative protective value is the same 



Fig.^14 


for both cases. The method of making tests is always indi¬ 
cated on the data. 

Regarding Mr. Allcutt’s question on the break down voltage 



of one-half the gap, in practise the lightning voltage is 
theTwo n spher“ ^ ° r ’ “ ° ther words ’ is a PP^ ied between 

nrOTer° P ^nW^7°l tageS the au £ liary electrode assumes the 
proper potential because of the two condensers. When 
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transients are applied the resistance acts as an open circuit so 
that the potential of the auxiliary electrode is fixed by one 
condenser as in Fig. 11. In determining the break-down 
voltage of one-half the gap, therefore the voltage should be 
applied as in Fig. 12, and not as in Figs. 13 or 14. 

The field due to the lightning voltage across the two spheres 
greatly decreases the stress on the center electrode. The 
break-down voltage is much higher for Fig. 12. When the 
test is made as in Fig. 12, the break down is approximately 
one-half the break down for the total gap; when made as in 
Fig. 13 it is approximately one-third that of the total gap. 

I do not know how Mr. Allcutt’s measurements were made, 
but his figures indicate by either method 13 or 14. The 
size of the electrode over a considerable range does not materi¬ 
ally affect results. 

The term frequency may be misleading. It is not the 
frequency with which we are principally concerned, but the 
rate or steepness at which the voltage is applied up to the 
breakdown point. As shown in Fig. 15, a very high voltage— 
500-kc. wave—may be less steep in effect than a 2000-kc. 
wave at a lower voltage. 

I am interested to note that Mr. Alleutt now checks with 
me in the fact that the spark-over voltage of the selective gap 
increases with the steepness of the wave front. For instance, 
at 80 kv., in his Figs. 3, 4 and 5 the spark-over voltages are 
100, 120 and 165 at respectively 100, 420 and 3000 kc. His 
former tests indicated that the effect of wave front was not 
material. Our data in general agree qualitatively. 

It is of interest to note that the importance of the setting 
factor may be well illustrated in his Fig. 13. If the needle-gap 
curve is plotted on this figure, it will be found to give better 
protection than the impulse gap under this condition, due to 
the effect of rain. See Fig. 15 in my paper. 
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ORDER AND AMPLITUDE OF HARMONICS IN 
VOLTAGE WAVE FORMS WITH INDICATING 

INSTRUMENTS 


BY LESLIE F. CURTIS 


Abstract or Paper 

The author presents a method for the determination of the 
order and percentage of the various components of an alternating 
wave of e. m. f., using indicating meters and other inexpensive 
apparatus. 

Two examples are given. Oscillograms are included to show 
interesting phenomena and to check the results of the calcula¬ 
tions. 

The value of so-called standards for the indication of wave 
form is questioned. 


Introduction 

TV/T ANY writers have discussed the relative merits of various 
combinations of resistance, inductance and capacitance 
when used as devices for indicating the deviation of alternating 
wave forms from the sine curve. They have also defined 
certain terms such as form factor 1 , deviation factor, distortion 
factor 2 , etc., applicable to the above devices when used with 
indicating meters as standards 3 . (They have, however, failed 
to show any method by which the order and amplitude of the 
various harmonics might be obtained by indicating meters.) 
Each of the proposed standards is also open to the objection 
that the result obtained by its use is entirely dependent upon 
the order of the harmonics in question and upon the size of the 
reactances used. 

The maximum distortion, which, in practise, might result 
from the resonance of a certain harmonic in a long transmission 
line with distributed inductance and capacity, would be 
produced by such devices in test only by chance. It is, how¬ 
ever, only this resonant condition for the higher harmonics that 
can cause disturbances which can be charged to generator wave 

1. See references at end of paper. 
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form. In the absence of oscillograms, it is therefore necessary 
to produce resonance of the various harmonics generated within 
the machine before its worst behavior can be predicted. 

In making an oscillographic study of the charging currents 
for condensers of various sizes from the same source of alternat¬ 
ing current it was found that the current wave forms varied 
greatly with the size of the condenser used. The ratio of the 
apparent reactance to the true reactance of the same condenser 
when supplied with a sine wave of voltage at the same fre¬ 
quency, as suggested by a previous writer’, likewise depended 
upon the size of the condenser. It was also found that the 
resistance and inductance of the generator circuit had a decided 
effect on the indications. A method was then developed which 



gave a solution for the order and amplitude of the harmonics 
present in a given form from the readings obtained with 
inexpensive indicating meters and other apparatus. 

It is the purpose of this paper to present this solution 
together with two examples of its use with oscillograms taken 
to show the various wave forms of current and voltage. The 
method outlined below gives no indication of the relative phase 
positions of the components and therefore no accurate indica¬ 
tion of the maximum value of the resultant wave. In figuring 
the maxima of voltage or current waves the relative phase 
position is important only for the lower harmonics, the third 
and fifth. Thus for most purposes, the phase position of the 
components is not required and their order and percentage is 
a sufficient indication of the character of the wave. 
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Method 

The method is that of obtaining resonant conditions for the 
nth. harmonic in the generated voltage by several separate 
adjustments of inductance and capacitance in series with a 
certain amount of protective resistance. When resonance has 

been obtained, a second reading is taken with added series 
resistance. 

The diagram of the connections used is shown in Fig. 1. 
The alternator supplying the wave to be tested is assumed to 
have an inductance L 0 and a resistance R 0 . Resistance R and 
inductance L may be added to the circuit at will by means of 
switches S 2 and S 3 . Fand F indicate a voltmeter and frequency 
meter connected to the machine by throwing switch iS\ to the 
left. On throwing Si to the right an adjustable condenser 
C — Co is connected in the circuit. In parallel with this is a 
small fixed condenser C 0 , the current in which may be measured 
by a small hot-wire meter A of negligible resistance. C is 
therefore the total capacitance. 

For a given initial voltage and frequency the resonant points 
for the harmonics are indicated by a maximum deflection of 
meter A. If R 0 is not sufficient for protection of the condenser 
from abnormal voltages at resonance, more resistance may be 
added and considered as a part of the generator. If L 0 is not 
large enough to produce resonance of the lower harmonics with 
the amount of capacitance C available, more inductance may 
be added and considered as a part of the generator. 

The calculation consists of two parts; the determination of 
the order of the harmonics present and the calculation of their 
amplitude. Table I gives a summary of the notation used in 
the calculations. 


Table I—Notation 


L 

Known inductance. 

R 

Known resistance. 

C„ 

Known fixed capacitance. 

C- Co 

Known adjustable capacitance. 

c 

Total capacitance. 

Ci, etc. 

Particular value of C. 

CO 

Angular velocity of fundamental wave. 

n 

Order of harmonic. 


Effective nth harmonic in generated voltage. 

P 

x n 

Percentage of nth harmonic in terms of fundamental 



1182 CURTIS: HARMONICS [Sept. 18 

E Effective value of resultant generated voltage. 

i n Effective value of nth harmonic in current. 

I Effective value of resultant current. 

D Deflection of hot-wire meter. 

K Calibration constant for A (See Fig. 13). 
r n Resistance of circuit to nth harmonic. 

x n Reactance of circuit to nth harmonic. 

Order of the Harmonics 

The order of the harmonics present may be found from the 
values of capacitance, C 1 and C 2 , necessary to produce reson¬ 
ance with and without the known inductance L in series. 


In the first case 


Lono)+Lnoo = ^- 

Ci n co 

( 1 ) 

in the second 


* t- 1 

J-JQ 71 CO - '-Ty - 

G 2 n co 

( 2 ) 

from which 


»=1/uV1/L(1/Ci-1/Ci) 

( 3 ) 


If the result is not exactly a whole number it may be cor¬ 
rected as it is known that n must be an integer and probably 
odd. If another harmonic is present, its order may be deter¬ 
mined in the same way from new adjustments of capacitance, 
C 3 and C 4 , with and without the inductance L. An alternative 
method is to continue the curve upon which Ci or C 2 produced 
resonance after one of the harmonics has been determined and 
take one additional reading of capacitance for the resonance of 
the other harmonic. 


In this case 


and 


L 0 co = 


1 

C 2 n 2 co 


L 0 n r co = 


n' 

C%n 2 oo 


1 

C 4 7b l CO 


from which 

n' = n V C2/C4 = n V Ci/Cz 


( 4 ) 

( 5 ) 


( 6 ) 
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Amplitude of the Harmonics 

Having found the order of the harmonics present it is easy 
to determine their amplitude by taking additional readings of 
the current-squared meter with a known resistance inserted in 
the circuit and with the capacitance adjusted for the resonance 
of the harmonic in question. 

In order to introduce no errors due to current in circuits in 
parallel with the capacitance and to necessitate no correction 
therefor, no voltmeter or other device should be connected when 
the readings of the hot-wire meter are taken. 

For resonance of the nth harmonic 


and 



1 

C 2 n 2 co 





( 4 ) 

( 7 ) 

( 8 ) 

(9) 


It will be noted that the resistance of the circuit is assumed 
to depend upon the frequency of the harmonic. In practise it 
is shown that the resistance increases with the frequency. In 
most practical cases the resistances rq, rg, etc., are so small 
compared to the other terms under the radical that they ma y be 
neglected. 

Therefore 


and 


_£i_ 

= 1 _ 1 = 

Cg 71^ CO C 2 CO 


1l 

Xi 



But 


■ _ 03 _ 

3 _ 1 

0% u 2 co 3 C 2 co 


0i P, 

X 3 



( 11 ) 


I V il 2 + iz 2 + . . . . in + . . . , 


( 12 ) 
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therefore 



( 13 ) 


The resultant voltage P is 

E = V~e? + e? + • • • • + • • • • 

= 6i V 1 + P 3 2 + • • • • P 7 ? + • • • • (14) 

and when no harmonic exceeds 10 per cent of the fundamental, 
ei may be replaced by E with less than 1 per cent error. 

Now 


I 2 


K DC S ! 
Co 2 



therefore 


K D C 2 2 
P 2 Co 2 


CCl 2 


+ 


P 3 2 


*8' 




P 2 

x n 


+ . . . . ( 16 ) 


n 


When a resistance R is placed in series a new reading P 1 is 
obtained and the corresponding equation is 


K P 1 C 2 2 
P 2 Co 2 


1 . Pr 2 




Xi* 


P 2 

x n 


(r n + P) 2 


+ 


( 17 ) 


therefore 


P 2 

x w 


= -r„ 2 ( 


KDCt 2 
P 2 C 0 2 


xr 


Pf 

x 3 2 


•) 


( 18 ) 


and 


w. 


( 


(r n + P) 2 

K P 1 C 2 2 
P 2 Co 2 


/y* ^ 

Xi 


) 

X;i 2 / 


( 19 ) 


Now usually all terms except those containing constants of 
the fundamental and the %th harmonic are negligible, therefore 


P 5 

x n 


n 


( 


KDC a 2 

P 2 Co 2 




) 


( 20 ) 


P n 2 = (r n + P) 2 


K P 1 C 2 2 
P 2 C 0 2 


Xi‘ 


) 


( 21 ) 


and 
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from which numerical values of r n and P n may be obtained. 
If the other terms are appreciable, an approximate solution 
may be made by equations (20) and (21) for all of the harmonics 
and then corrected by using equations (18) and (19). 

It is suggested that if a calibrated condenser is not available, 
that the adjustments be made for the current maxima and that 
the corresponding capacitance be measured on a sine wave 
before changing the condenser setting. If no adjustable 
condenser is available, a fixed condenser and calibrated induc¬ 
tance may be substituted. The equations should then be 
modified to use inductance as the abscissa of the reson¬ 
ance curves. 

Example 1: The open circuit wave form of a delta-connected 
alternator, 1200 rev. per min., 220 volts, run at normal speed 



Fig. 3 


but at 100 volts, is shown by the oscillogram in Fig. 2. The 
resonance curves for this machine by the above method without 
and with the known inductance L in series are shown in Fig. 3. 

The inductance L, when measured separately on a 180-cycle 
wave gave a reactance of 12.6 ohms, and therefore had an 
inductance of 0.0111 henry. During the test an additional 
inductance of unknown value was permanently connected in 
the circuit. C 0 was 0.72 microfarads. 

a. Order of the Harmonics: 

Maximum points A and B , in Fig. 3, corresponding to 3.53 
and 3.11 microfarads, are evidently due to the same harmonic. 
The equation for the determination of its order is (3). 


Substitute and n = ^ 

ci 7T Ov 


1 / 10 « 10 6 \ 
.0111 v 3.11 3.53/ 
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from which n equals 4.9 and therefore indicates the fifth 
harmonic. 

_ Maximum points C and D, at 1.78 and 1.57 microfarads in 
Fig. 3 are due to the presence of another harmonic. A similar 
solution to that above gives a value of 6.9 for n and therefore 
indicates the seventh harmonic. 

An alternative solution is, since we know that point A is due 
to the fifth harmonic, 


n 


'- 5 V 


3.53 
1.78' 


= 7.0 


From these solutions it is therefore known that resonance 

points A and B are due to the fifth, and points C and D, to the 
seventh harmonic. 

b. Amplitude of the Harmonics: 

The readings for the determination of the amplitude of the 

above harmonics are given in Table II. Consider the condi¬ 
tions for point A. 

From equation ( 4 ), 


<u co 


10 6 


T53^<^x 2 7 r 60 ~ 3° ohms 


10 ° 


Co 


CO 


3.5TX 2 7T60 ~ 749 ohms 


Xl 749 — 30 — 719 ohms 
Substitute in equation ( 20 ) and 


P 5 


- — o/0.01214 X 3.53 2 


1Y 


(' 


100 2 X 0.72 : 


719 : 


■) 


Likewise for point A i „ • , 

Placed in series substitute in e resistance of 2.66 ohms is 
Solvin'* substitute m equation ( 21 ) and 


(r, 4-2.fifin/ O-00713 X 3,53 : 

V 100 2 X 0.72 2 


719 


PolSaTXeSr.f 1 e 0 quals ^ P- cent. 

1Ve slm,lar 'ccnlts, 9.1 ohms and 4.1 per 



PLATE XLII. 

A. I. E. E. 

VOL. XXXVIII, 1919 



Fig. 2—Open Circuit Voltage—Example 1 (Effective Value, 100 

Volts) 



[CURTIS] 

Fig. 4—Charging Current—Point A, Example 1 (Effective Value, 

0.54 Amperes) ' 










PLATE XLIII. 

A, I, E. E, 

VOL. XXXVill, 1919 



Fig. 5—Charging Current—Point C—Example 1 (Effective Value 

0.24 Ampere) 



Fig. 6—Charging Current—Point M—Example 1 (Effective Value, 

0.15 Ampere) 



Fig. 7 Open Circuit Voltage Example 2 (Effective Value, 100 

Volts) 
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Solving in the same way for the constants for the seventh 
harmonic from the values for points C and C 1 and r 7 equals 
9.7 ohms and P 7 equals 1.7 per cent. 

TABLE II 

CRITICAL VALUES FOR EXAMPLE 1 


Point 

C 

Co 

R 

D 

KD 

n 

I 

A 

3.53 

0.72 

0.00 

78.0 

0.01214 

5 

0.540 

A* 

3.53 

0.72 

2.66 

44.0 

0.00713 

5 

0.415 

B 

3.11 

0.72 

0.00 

76.0 

0.01183 

5 

0.470 


3.11 

0.72 

2.66 

46.0 

0.00745 

5 

0.373 

C 

1.78 

0.72 

0.00 

57.0 

0.0091 

7 

0.236 


1.78 

0.72 

2.66 

36.0 

0.0059 

7 

0.19*0 

D 

1.57 

0.72 

0.00 

53.0 

0.00848 

7 

0.201 

Di 

1.57 

0.72 

2.66 

35.0 

0.00574 

7 

0.165 

M 

2:62 

0.72 

0.00 

10.0 

0.0018 

5 & 7 

0.149 


From points D and D l , the corresponding values are 10.8 
ohms and 2.1 per cent. 

Oscillograms were taken to check the above results and to 
show the charging current for the various total capacitances. 
Fig. 2 is an oscillogram of the no-load voltage of the machine 
and is the true generated wave form of the machine as no 
capacitance was connected and the resistance was at least ten 
times as great as the reactance of the circuit to the seventh 
harmonic. An analysis of this wave gives 3.5 per cent of the 
fifth, and 1.6 per cent of the seventh harmonic, no others being 
appreciable. 

Fig. 4 is the wave of charging current (0.540 ampere) for 
point A and shows the predominance of the fifth harmonic. 
Fig. 5 is a similar curve of charging current (0.236 ampere) for 
point C showing the seventh harmonic. Fig. 6 is the wave of 
charging current (0.149 ampere) for point M corresponding to 
2.62 microfarads, Fig. 3 showing the reduction in the amplitude 
of the harmonics in current and the beats due to both fifth and 
seventh harmonics. 

The resistance of the circuit used was measured with direct 
current and found to be 5.2 ohms for points A and C, and 6.2 
ohms for points B and ZX The solutions given above show that 
the resistance to the higher frequencies was very materially 
increased. 

A summary of all of the above calculated data is presented in 
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Example 2: The machine used for this test was a synchron¬ 
ous motor, 1800 rev. per min., 110 volts, run as a generator at 
100 volts. The open-circuit wave form of this machine is 
shown in Fig. 7, which upon analysis gives 3.5 per cent of the 
fifth, 1.4 per cent of the seventh, 7.0 per cent of the eleventh 
and 2.5 per cent of the thirteenth harmonics. 



Fig. 8 


Unfortunately the machine was fitted with carbon brushes, 
the resistance of which varied with the current density, so that 
no check could be made of the above percentages by the method 
described. It was, however, possible to solve for the order of 
e armonics which are indicated in the resonance curves 



shown in Fig. 8 and Fig. 9. In Fig. 8 a large unknown indu< 

in the drcuit t0 make possible the re ™ 

ThklLT h ?™° mcs , (pomts J ’ J ’ ™th small capacitance* 
This was omitted m taking the curves of Fig. 9. 

mWnSL 8 P ? ntS L and J ’ corres P° n ding to 3.52 and 3.1 
microfarads, show the resonance of a harmonic without an. 




f €*;■ fit is 

m.tT!VJ 


■ : ; 
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with the known inductance L in series. A calculation shows 
this harmonic to be the fifth. Point K, corresponding to 
1.55 microfarads is on the same curve with point J (3.10 
microfarads) and therefore indicates the seventh harmonic. 
An oscillogram of the charging current at point I (0.342 
ampere) is shown in Fig. 10. In the above C 0 was 1.0 micro¬ 
farad. 

TABLE III 

CALCULATED VALUES FOR EXAMPLE 1 


Points 

n 

r n 

R 

Mean Pn 

P «by 0 scillograph 

A —A* 

5 

7.9 

5.2 

4.1 

3.5 

B-B 1 

5 

9.1 

6.2 



c-a 

7 

9.7 

5.2 

1.9 

• 4 , 

1.6 

D-D 1 

7 

10.8 

6.2 




1 



100.0 

100.0 


TABLE IV 

CRITICAL VALUES FOR EXAMPLE 2 


Point 

C 

. Co 

D 

kD 

n 

I 

E 

4.27 

0.20 

21.0 

0.0035 

11 

1.260 

F 

2.34 

MEM 

42.5 

0.0069 

11 

0.971 ■ 

G 

3.10 

Ji M 

7.5 

0.0013 

13 

0.559 

FI 

1.65 

0.20 

8.0 

0.0014 

14 

0.309 

I 

3.52 

1.00 

81.0 

0.01255 

5 

0.394 

J 

3.10 

1.00 

77.0 

0.1020 

5 

0.340 

K 

1.55 

1.00 

16.5 

0.0028 

7 

0.082 


Similar solutions for points E and F, corresponding to 4.27 
and 2.34 microfarads, and points G and H , corresponding to 
3.10 and 1.65 microfarads, as shown in Fig. 9, give indications 
of the presence of the eleventh and thirteenth harmonics. An 
oscillogram of the charging current at point F (0.971 ampere) 
is shown in Fig. 11 and that for point H (0.309 ampere), in 
Fig. 12. In the above C was 0.2 microfarads. Fig. 12 is 
particularly interesting since it shows the beats due to the 
eleventh and thirteenth harmonics even when the thirteenth is 
in resonance, that is, the eleventh is not, in this case, negligible. 
This might also be surmised from the shape of the resonance 
curve near point H in Fig. 9. 

A tabulation of the readings at the critical points in the above 
example is given as Table IV. 
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A calibration curve of the hot-wire meter is given in Fig. 13 
so that further calculations may be made if desired. 


Conclusions 

It is practicable to test for the order and amplitude of the 
harmonics in any alternating wave of voltage by the use of 
inexpensive indicating meters, a known* inductance and an 

a justable condenser without knowing the resistance and in¬ 
ductance of the machine itself. 

A small change in the capacitance or inductance of any of 
the so-called wave form standards may result in a great change 



m the current in the circuit, making such devices unreliable. 

1 he resistance of any circuit may change with the frequency 
? e . armonics present and this fact may introduce an error 
m ma mg measurements with any of the so-called standards. 
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Discussion on “Order and Amplitude of Harmonics in 
Voltage Wave Forms with Indicating Instruments” 
(Curtis), Los Angeles Cal., September 18, 1919. 

N. S. Diamant: I will call attention to a few points 
which may be of interest from a theoretical and practical point 
of view. Considering the latter first, namely, the actual 
practical value of the method described by Mr. Curtis, I am 
afraid the method is not quite as useful, convenient and in¬ 
expensive as he seems to imply. When you consider the fact 
that you need known inductances, known resistances, known 
capacitances, some of which must be adjustable, it will easily be 
appreciated that the method is not so very simple or conven¬ 
ient; unless it should just happen that a given laboratory is 
fairly well equipped as to available inductances and capaci¬ 
tances, but does not happen to own an oscillograph. In any 
case, it would seem that one can safely venture that the practi¬ 
cal value of the method is rather limited. 

Now coming to the second consideration^ namely, the theo¬ 
retical and academic value of the paper, it is to be greatly 
regretted that the author does not make any reference whatso¬ 
ever to the important contributions made on this subject years 
ago by men like Blondel, Pupin and a great many others. It 
is discouraging to find that the author gives references at the 
end of his paper, but really the references he gives have very 
little to do directly with the subject of the paper and refer 
more to the standardization of wave form; thus when Mr. 
Curtis states that “they have also defined certain terms such 
as form factor, deviation factor, etc.” but “they have failed 
to show any method by which the order and amplitude of the 
various harmonics might be obtained by indicating meters,” 
I am afraid he is not quite doing justice to the men who did 
considerable work along this line before and after the perfection 
of the oscillograph. . The above remarks are not intended in 
any way to detract from the value of the paper,, which I think 
is considerable from the point of view of an instructor of an 
electrical laboratory. Before closing may I ask Mr. Curtis 
what per cent variation he has in mind when he assumes that 
the resistance of the circuit under consideration depends upon 
the frequency of the harmonic. In radio work this might be 
so, but in ordinary electrical work it is not probably very bad 
practise to assume the resistance as independent of the fre¬ 
quency except in case of very heavy bars. When it is con¬ 
sidered that in the method outlined by Mr. Curtis we are 
expected to use ordinary indicating meters and inductances and 
capacitances whose value, I suppose, will have to be determined 
by means of ordinary methods and further when it is con¬ 
sidered that if the result which indicates the order of the har¬ 
monic does not happen to be an integer, the author just assumes 
it to be the nearest odd number, I say that when all these ap¬ 
proximations are considered as permissible, the effect of fre- 
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queney on resistance seems to be not a very important or ra¬ 
tional refinement to be taken care of. 

w J. C. Albert: Mr. Curtis' paper presents an apparently 
simple and practical method for determining the order of 
harmonics in generator voltage waves, but his failure to ob¬ 
tain the amplitudes of the wave in Example (2) leads to several 
questions. 

The author states that the variable resistance of the carbon 
brushes introduced unavoidable errors in the calculations of 
amplitude. It would be interesting to know how much the 
carbon brushes affect the results, and whether Mr. Curtis 
has made any experiments to determine how great this error 
might be. I would also like to ask whether there have been 
other experiments made on generators not having carbon 
brushes but having an appreciable eleventh and thirteenth 
harmonic. 


In Example 1 in obtaining point A', a resistance of 2.66 

ohms was added in series with the capacity and inductance. 

1 assume this to be the resistance offered to the fifth harmonic, 

and it would be instructive to know how this is measured. 

, • In deriving equations (20) and (21) the statement is made 

that. Usually all terms except those containing constants of 

the fundamental and the nth. harmonic are negligible," and 

concludes by stating that, “If the other terms are appreciable, 

solution may be made by equations (20) and 

>7 f° r a h the harmonics and then corrected by using equations 
(18) and (19).” 

As shown in the oscillogram Fig. 12, in which the thirteenth 

harmonic is in resonance, the eleventh has considerable effect. 

Z*™ ™ th , e d frvation of formulas (16) and (17) the resistance 

ft * 1 lm Pedance is assumed negligible in all terms 

rSLi } Whlch f m resonance > and, therefore, has only 
resistance and no reactance. J 

harmonic that in dealing with two successive 

°J d V’ - the Seventh and thirteenth, that 

resisf-anrt nn rtf °f ^thirteenth is obtained the effect of 
effpo nf ^l* eleventh might be large compared to the 

cuktion Ifter thffi° n i- the Same ’ and should enter into the cal- 
(2ofand^21f Sapproximation is obtained by equations 

reactance wo f, ds ’ , the lm pedance instead of the 

Ze fh T, Lf < ^ f °™ the denominator of the (rc-l)th 
t ? II s m f ormu las (18) and (19). 

, 1 example, the point marked “E” in Table IV for criticnl 

ste 47 th ? wMpsrs 

Sreuif'anVV™ 1 ' 18 f the elev ™'™h™mc'oii T a eSlfj'olc 

circuit, an inductance of anuroximatpi v ooiq tUL cyc ff 

SKSSS a Sss? iiSS.’SK 

little over eight ohms. While the piper dSTS shte'thl 
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resistance used in obtaining this point, we find that the resis¬ 
tance in Example (1), point A, was 7.9 ohms, so that the 
reactance might be little greater than the resistance for this 
particular case. 

Another point which might introduce error in the calcula¬ 
tions, when two successive harmonics of high order are present, 
is that the hot-wire ammeter does not necessarily indicate 
that the nth harmonic is in resonance, but indicates that the 
impedance to the complex wave is a minimum near the point 
of resonance of the nth harmonic, or, as shown by the F. M. 
Mizushi (authors reference No. 2) that 

co = V<r + S LC 

where a is the integral distortion factor 
and 5 is the differential distortion factor 
w — 2 7 r / n near point of resonance of nth harmonic then 
equation (4) would become. 


2 8 irfn^Ci 

This solution for the unknown reactance of the generator 
in terms of C 2 involves two unknown quantities, the integral 
and differential distortion factors. 

The author states in his conclusion that, "A small change 
in the capacitance or inductance of any of the so-called wave 
form standards may result in a great change in the current in 
the circuit, making such devices unreliable.” Is not the 
same true of his method? Will not the amplitude for the 
different harmonics vary with the variation of the amount of 
inductance and capacitance used to obtain their resonance? 

Mr. Price : From what little time I have had in reading 
over this paper here I don’t think the method would be very 
good for anything that was not recurring. That is, for in¬ 
stance, where you take the oscillogram of a switch action, or 
short-circuit conditions; or something of like nature, you 
couldn’t get conditions like that because you couldn’t adjust 
your_ condensers or inductances rapidly enough to get that 
condition. You would have to have a recurring condition. 

I would like to ask the author how difficult It is to obtain 
resonance with his method. How much time it takes, 
Whether this method could be adapted to taking curves on 
high-voltage circuits and the possible effect of the current 
potential transformer on the results obtained. 

D. I. Cone: Perhaps the first proposal along this line 
was that given by Dr. Pupin in the 1894 Transactions em¬ 
ploying a somewhat similar method to the one presented in 
this paper. He employed an inductance and a variable con¬ 
denser to determine by resonance the frequencies present in 
the voltage drop across a resistance. He placed this resistance 
either in series to measure current waves or in shunt, to measure 



1194 


HARMONICS 


[Sept. 18 


potential waves. He used an electrostatic voltmeter to de- 
termine the resonance points by indicating the settings of 
capacitance to give maxima of voltage across the condenser. 

The California Joint Committee on Inductive Interference 
made extensive use of a so-called “resonant shunt” consisting 
of a large inductance in series with a variable condenser and a 
telephone receiver. Each harmonic was resonated in turn by 
setting the. capacitance for maximum current of the particular 
frequency in the telephone receiver. The amount of current 
for each harmonic was measured by comparing the sound in 
the telephone receiver to that from an auxiliary source of the 
same frequency. Knowing the impedances in the circuit, or 
arranging so that unknown ones were of negligible effect, fairly 
accurate determinations of frequency and size of harmonics 
could be made. Considerable apparatus was required for that 
work and an analysis of harmonics, ranging from the third 
harmonic up to perhaps the nineteenth, could be run through 
m about twenty minutes. 

That particular method does not take care of the fundamen¬ 
tal component at all, which could be obtained with the aid of 
an indicating meter. 

. The method given by Mr. Curtis makes use of relatively 
simple equipment and procedure for determining the more 
IP . B owever, in the wave analysis of in¬ 

ductive interference work, harmonics of the order of one-half 
per cent may be important to determine. 

The simplicity of the equipment and the method of solution 
which he employs for amplitude and frequency are the distinct 
contributions made.hy his method. He presents it with special 
reference to the open-circuit voltage of generators. However 
*t can be applied to the determination of the harmonics of any 
system and the limitation which he states on page 1183, of his 
P aper, regarding the presence of a voltmeter or other devices, 
when the readings are taken, does not appear to be necessary: 
especially if such devices are normally in the circuit 
Now, referring to his introductory paragraph. The last 

paragraph reads: “Each of the proposed 
standards is also open to the objection that the result obtained 
by its use is entirely dependent upon the order of the harmonics 
m question and upon the size of the reactances used.” 

telephone interference factor meter which was de¬ 
scribed in the paper beginning page 261 of this volume, bv Mr 
Osborne, that objection is met in that the impedances within 

fairly large and the distinct effort is to sum up 
a. the frequencies m the circuit as they normally exist: so that 
the objections here stated donot apply to that particular wave 
factor meter. It is recognized that such a meter has limita¬ 
tions. It serves but one definite purpose, and that is par- 
ticu arly true of the telephone interference factor meter 
The last sentence on the first page of the paper reads: “It 
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is, however, only this resonant condition for the higher harmon¬ 
ics that can cause disturbances which can be charged to genera¬ 
tor wave form/' 

I assume that in making that statement the question of 
possible damage to the power circuit itself was in the author's 
mind. Of course when we consider the question of harmonics 
m reference to interference to the communication circuits, 
the detrimental effect is felt whether a particular harmonic is 
m resonance or not.. Of course, the detrimental effect is ag¬ 
gravated for harmonics in resonance. 

. Mr. Curtis points out that it is desirable to resonate the 
circuit for a given harmonic in order to develop what he calls its 
4 worst behavior." However, he employs, and quite ap¬ 
propriately, a protective resistance to prevent the current in 
the meter becoming excessive. Hence it is not clear that the 
setup he employs actually develops the worst condition, al¬ 
though by studying the effect of the variation of the effective 
resistance in this circuit upon the behavior of the harmonic, 
one might get an idea of what its 44 worst behavior" would be. 

H. A. Barre: It seems to me that there is in this paper 
a method of attack on two or three problems I have in mind. 
One problem is the finding of the cause of flash-over on the 
insulators of the Big Creek line. These flash-overs occur 
probably twelve or fifteen times a year. The current consists 
simply of the arcing over of the insulators and a heavy flow 
to ground. The effect on the system is not great and I do not 
think a single case of injury to apparatus has occurred. We 
seern to be unable to associate these flash-overs with any set of 
conditions. The line will be operating smoothly when ap¬ 
parently out of a clear sky will come a flash over and current 
flow to ground. 

The attendants at the stations realize that this is the only 
trouble to be expected on the Big Creek lines, so when trouble 
arises they assume a flash-over and apply the cure. 

This flash-over cure consists in lowering the voltage to a 
point, determined by experience. The arc goes out and im¬ 
mediately normal joltage is resumed, taking care not to over 
run. An automatic means of doing this work has been devised 
but has not proved as successful as the manual method. At 
the receiving station the operator also assumes a flash-over. 
In order to keep from boosting the voltage with the condensers, 
he opens the field thereby assisting the voltage drop. When 
voltage at receiving station becomes normal again, he assumes 
trouble is over, and resumes normal operation. In practically 
all cases he is right. 

There is one interesting fact in connection with these flash- 
overs and that is their occurrence in a limited section of 
the line, the two middle quarters of the line,—very seldom 
close to the ends. 

. If this method of calculation can be applied to the investiga¬ 
tion of this phenomena it will be of great assistance to us. 
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This method might also throw some light on the double 
frequency effect found at San Fernando. The circumstances 
were as follows: Test was being made on 36 miles of line, 
built for 15,000 volts and energized through a bank of star-star 
transformers with about 4000—25,000 volts in the legs of the 
wire. It was energized through a separate delta-delta trans¬ 
former for the purpose of isolating the • system. On closing 
the switch nothing apparently happened at first. After an 
appreciable time a disturbance occurred in the system, lasted 
several seconds, then died out. Once in a long while it re¬ 
curred. The oscillograph showed that their transient current, 
or whatever it was, was in the form of a flow through the 
ground connection which, after passing the common point 
of the star of the transformers, divided into three currents and 
fed through the line. 

The frequency of this current was measured at about 100 
cycles, twice the fundamental frequency. The voltage be¬ 
tween the cross and the legs of the wire increased to three or 
four times normal without, of course the voltage between 
wires increasing. 

A practical application of this principle might show what is 
going on. 


Leslie F. Curtis: In answer to Mr. Diamant let me say 
that the known, inductances may be wound, the known re¬ 
sistances constructed from nichrome wire, and the known 
capacitances arranged from telephone condensers in any 
electrical repair shop. 

It is true that the author was more concerned with the 
articles referring to standardization of wave form than to the 
work of Drs. Blondel and Pupin because he felt that the 
standards for wave form suggested within the last few years 
were faulty and that if the order and amplitude of the harmonic 
components of a wave are known,' other standardization is 
unnecessary. The statement should have been made that 
others have failed to show a simple and readily applicable 
method, by which the order and amplitude of the various 

obtained with ordinary indicating meters 
I he variations of the resistance with frequency for the 
machine tested are noted in Table III of the paper. It is 
there found that the resistance to the seventh harmonic, that 

Anrf eVe ? ^ lmes fundamental frequency, or approximately 
400 cycles per second, increases from 6.2 ohms to 10.8 ohms. 
I behe\e that m an investigation of a circuit of this sort that 
sudi a, variation of resistance must be taken into account. 

ht S °^*^ e c ^PUcitance and inductance used were 
nf Y ordmar y indicating instruments from a source 

alternating e.m.f. at 60 cycles, which was so arranged as 

wave of ef™ ?° St ° f th ? ha ™onics—in other words, 1 sine 

S for a simple voltmeter - 

t. Albert asks concerning the calculations for^the ampli- 
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tude in example (2). Even with the variable resistance of 
the carbon brushes in the circuit, it would have been possible 
to make calculations for the amplitude if several more readings 
had been taken—readings with small successive additions of 
resistance to the circuit. By the use of cross curves and fur¬ 
ther calculations the amplitude might have been obtained. 
I omitted such calculations because of their complexity. 

Mr. Albert also refers to the effect of the 13th and 11th 
harmonics in producing an error in the measurement for 
amplitude. _ I believe that the paper shows that the order of 
the harmonic is obtained without an appreciable error, even 
when the harmonics are of nearly the same order, that is, as 
he stated, the nth and the (M± l)th term. The effect of 
the resistance in the circuit may then be introduced in the 
proper equation; though I am not certain that it is justified. 
The added known resistance is a high resistance wire of such 
a cross section as to be independent of frequency. Therefore, 
the 2.66 ohms which Mr. Albert mentions holds for all fre¬ 
quencies. 

Mr. Albert also mentions the equations presented by Mr. 
Mizushi showing that the impedance of the circuit is a minimum 

» "J 

at some other frequency than -==-. The circuit used, 

noop L C 

however, is different. • The calculation for the maximum cur¬ 
rent in the meter used in this paper shows that such maxi¬ 
mum occurs at a point very close to the assumed resonance 
point. The current in the complete circuit is not necessarily 
maximum at the same instant. 

Mr. Albert speaks of the variation of amplitude of the har¬ 
monics in the circuit with the amount of inductance and 
capacitance introduced. It is assumed by the author that 
the generated or initial value of the harmonics in e. m. f. 
remain constant. The magnitude of the harmonics in the 
current, of course, depend upon the inductance and capacitance. 

Mr. Price asks concerning the time required to make a test 
of this sort. With the ordinary apparatus at hand in most 
testing departments, the variable or adjustable condenser is 
the only piece of apparatus which would offer any difficulty. 
One may be made from an extra good grade of telephone 
condensers and when provided with the proper switches for 
adjustment, a complete test might be made in possibly an 
hour. The measurements of inductance and resistance can 
be made by ordinary indicating instruments, they do not offer 
any particular difficulty. 

Mr. Cone notes that the. presence of the voltmeter should 
offer no difficulty. I should explain that the voltmeter indi¬ 
cated in the diagram of connections was used simply to indicate 
the constancy of voltage on open circuit. The voltmeter 
might be connected at all times and would offer no difficulty 
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if the readings of the meter were taken only when the resonant 
circuits were open. 

. At^ the time my manuscript was prepared the telephone 
interference factor had not been suggested. Therefore, I 
did not intend to include a circuit giving the telephone inter¬ 
ference factor among the objectionable standards. 

Mr. Cone also notes that I assumed that damage might 
result, or rather that interference might result only from res¬ 
onant condition of the harmonics. • I intended to indicate that 

such interference would be a maximum during periods of res¬ 
onance. 

. . i ^ t^ answer Mr. Barre’s question con¬ 

cerning the trouble the double frequency effect—at San 

Fernando. I hope some use may be made of the circuit in 
solving his problem. 
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THEORY OF PROBABILITIES APPLIED TO FAILURES 

OF SUSPENSION INSULATORS 


BY L. M. KLAUBER 


Abstract op Paper 

Notwithstanding the recent improvements in porcelain 
lators, failures are sufficiently common so that aUowanee must 
be made for them. A certain factor of safety is required if the 

pro ^ de / or electricalunreliability 

thJam r n„n r + e ^f de Y ari f J . of operating conditions which affect 
tile amount of over-insulation required, and after having found 

the minimum number of insulators per string required for anv 
given operating conditions the author points out' a method of 
determining the amount of extra insulation desirable from an 
insurance standpoint according to the law of nrobabilTties 

Kv ffivfn ct Vel0P6 ^ fr °? the Probabihty 1 of failure 

th u ra t 10 be tween such probabilities for 

exJmnle i^i^ S - mayb ^ determined directly. A numerical 
example is also given which shows the development of the 

electricaf Siffiret™ annual oost for combined mechanical and 


yA T THE present time there exists a diversity of views as to 
,^ e P r t mar y cause of failure of suspension insulators of 
the disk type. Extensive investigations are being carried 
forward to determine the causes of failure in order that such 
causes may if possible be eliminated’ in manufacture. Unfor¬ 
tunately, however, while recent types have shown a notable 
improvement over those produced but a few years ago, failure 
is still sufficiently common to require allowance therefor in all 
specifications covering new lines. That is, it is not advisable 
in any construction to limit the number of insulators in a string 
to a quantity just sufficient to withstand the line pressure 
under service conditions, and thus cause failure if one member 
of the stnng fails. On the contrary, under present conditions, 
it is good practise to allow a certain proportion of extra insu- 
lators, a factor of safety required by the electrical unreliability 
of the insulators themselves, rather than by the necessities of 
abnormal operating stresses. 


1199 
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Obviously, the degree of over-insulation which should be 
indulged in depends on a variety of factors which cannot be 
directly expressed in mathematical terms. It is necessary to 
consider the first cost of the extra insulation and the fixed 
charges on such’cost; also the counter-balancing expense 
involved in shut-downs, both prearranged and unforeseen. 
The requirements of continuity of service, and the availability 
of duplicate lines and stand-by power sources, have an im¬ 
portant bearing on design. Also there is the factor of climatic 
conditions, the occurrence of lightning, temperature ranges, 
both daily and seasonal, humidity, the frequency of cleansing 
rains, the presence of salt fogs, wind-carried dust or the fumes 
of industrial plants. ' The* nature of the line supports must be 
considered; we must know if the towers are of steel or wood, 
and if of wood, whether the support ends of the strings are 
electrically connected together. The transformer connections, 
whether with grounded or isolated neutral, must be noted. 
Mechanical stress is of importance. These, and many other 
conditions all affect greatly the degree of over-insulation 
necessary or advisable, and show why in some cases a 66-kv. 
line requires only three units per string, while under other 
conditions seven may be insufficient. 

But having determined the minimum number of units per 
string required for a given voltage and set of operating condi¬ 
tions, it becomes interesting to investigate the value of addi¬ 
tional units, purely from an insurance standpoint; and this 
investigation may be best performed by calculations of the 
chances of failure under the laws of probability. The physical 
condition under which the line operates will of course affect the 
rate of failure, but these conditions may be grouped and allowed 
for in the depreciation rate assumed. 

In order to permit employment of the simpler laws of prob¬ 
ability, it is necessary to assume that the successive failure of 
units in any string does not increase the liability to individual 
failure of the remaining members of that string until a minimum 
is reached which permits complete breakdown. At firS 
glance this appears a most incorrect assumption, since, after 
the failure of one unit it is evident that there is an increased 
electncal strain upon the balance. Nevertheless, it is the 
man y investigators that the particular type of elec¬ 
trical failure which is today one of the great difficulties of 
transmission line operation, is in small degree hastened by 
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increased electrical duty. In fact this opinion seems borne out 
by the relative frequency of occurrence of multiple failures 
which is usually found to be in the ratio expected under the 
laws of probability governing independent events. Further¬ 
more, it has been the experience of some companies that insula¬ 
tor failures in lines out of service or in stocks held in the store¬ 
room, have been in the same proportion as those experienced by 
units of the same lot in active use. So that while in some 
cases successive failures of members of the same string may 
not be considered independent events, in general we will not 
go far wrong in so considering them. 

In consideration of the general case of insulator strings, 
consisting of any number of identical units, we may utilize the 
general expression of the probability of independent events 
happening or not happening: 

P — p n -f- n . P n ~ l Q 

* • 

. yh (i'll 1) 0 n . /m \ 

H- ^ p n ~ 2 q 2 .+ (1) 


in which p is the probability of an event happening out of a 
single trial, q = 1 — p is the probability that it will not happen 
and n is the number of trials under consideration. In this 
expression the first term is the probability that the event will 
happen n times consecutively or every trial, the second that it 
will happen n — 1 times out of n, the third n — 2 times out *of n, 
etc. The probability of an event happening exactly r times 
out of n will be represented by the (n — r + l)th term in the 
above equation, or 



. n ! _ 

r l (n — r) l 


pr qn-y 



and the probability of an event happening at least r times out 
of n trials is the summation of the terms up to and including 
the (n — r + 1) th term. 


Thus: P R 


p n + n . p n ~ l q + n p n ~ 2 q 2 




n ! 


1.2 


r n n ~r 


V Q 


(3) 


r ! (n — r) ! 

Translating these equations to terms of suspension insulator 
failures, we may let n represent the number of units per string. 
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Likewise assume that if r units fail, a line failure will result, but 
that if less than r units fail the remaining insulation will 
be sufficient to “hold” the line and failure will not result. 
Then if p = the probability of individual insulator failure 
(electrical) based on experimental data or experience with 
insulator depreciation, equation (3) gives directly the proba¬ 
bility of line failure per string of insulators installed and the 
total probability of line failure will be found by multiplying the 
chances per string (P R ) by the number of strings (N) in the 
line or 

Pn= NP r (4) 

From equations (3) and (4) we may determine directly the 
probability of failure for any given case, or the ratio L be¬ 
tween such probabilities for any pair of cases. 

It will be noted that where p is small compared with q, as 
with depreciations of the order under consideration, only the 
(n — r + 1) th term is of importance, the preceding terms being 
of such small value comparatively that to consider them is to 
assume an accuracy not warranted by the original data. We 
have, therefore, as a simplified equation of the chances of 
electrical line failure: 



n l 

r ! (n— r) ! 


pr q n- r 



Numerical examples are more easily solved, using this equa¬ 
tion in the equivalent form: 



_ nj_ _ 

r ! (n— r) ! 


{l/v) n ~ r 
a IvY 



as this will usually involve powers of integers rather than 
fractions. 

The application of formula (6) to specific cases will often 
give interesting results. Fig. 1 indicates the range of example 
values of P R plotted for three sets of values of n — r and p 
Because of the minute values of P R at the higher values of n 
the curves are plotted in terms of log 1/P R . Naturally where 

the safety factor — _ - is large 1/P R attains values which are 

of little practical interest. 

Fig. 2 is a diagram for the solution of the equation 


n ! 


R 


r J (n — r) 1 


p r q 


n—r 
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From this diagram values of the probability of failure per 
string can be quickly determined, with reasonable exactitude. 
The solution is based on a straight line diagram deduced from 
this equation in the form: 

log 1/P R = n [2 - log (100 - s) ] 


+ r log 




n ! 

r ! in — r) ! 


where s — 100 p or the depreciation in per cent. 

Of equal interest with the probability of failure in any 

& 



n 


Fig. 1—Probability of Electrical Failure per Insulator String— 

Example Values of Pr 


specific case is the determination of the ratio L between the 
probabilities of failure in related cases and in particular the 
decrease in probability of failure (or insurance) derived from 
the addition of extra insulators. In determining the ratio 
between probabilities it will be sufficiently accurate to employ 
the approximate formula (5) and noting that in any assumed 
case having to do with a specific line, the quantity n — r, that 
is, the number of insulators at which failure will occur is con¬ 
stant, it may be readily shown that 

r = ”1 Cwi - 1) (wi - 2). . . (w» + 1) , „ 

Ti (r x - 1) (ri - 2) . . . (r 2 +, 1) 


( 7 ) 



n= NUMBER OFUNITS PER STRING 
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in which the subscripts 1 and 2 indicate the two conditions 
assumed as to number of units per string. 

It is evident that in most practical cases n x — n 2 — 1 or 2 since 
usually it will be desired to determine the reduction in proba¬ 
bility of failure secured by increasing a string by one or two 
insulators. In Table I will be found values of 

n x ! _ 

n __ r x ! (n x - Ti) ! 


r 2 ! (n 2 - r%) ! 

for n x — n 2 ~ 1 and varying values of n — r, and since when 

n\ “ n 2 = 1, L = C L p, any problem having to do with the 

insurance derived by the addition of a single unit may be 

determined directly from the table. 

* , 

TABLE I—VALUES OF COEFFICIENT Cl for m - m = 1 (1 insulator added to 


string) 


n — r 

Number at 
which break¬ 
down occurs 

W2 = 

Number of insulators in string before addition of one unit 



1 

2 

3 

4 

5 

6 

7 

8 

• 

9 

10 

1 

2 

1.5 

1.33 

1.25 

1.2 

1.17 

1.14 

1.12 

1.11 

1.1 

2 


3 

2 

1.67 

1.5 

1.4 

1.33 

1.29 

1.25 

1.22 

3 



4 

2.5 

2 

1.75 

1.6 

1.5 

1.43- 

1.37 

4 




5 

3 

2.33 

2 

1.8 

1.67 

'1.57 

*) 





6 

3.5 

2.67 

2.25 

2 

1.83 

6 






7 

4 

3 

2.5 

2.2 

7 







S 

4.5 

3.33 

2.75 

8 






m m 

, , 

9 

5 

3.67 

9 








* • 

10 

5.5' 

10 


• * 





• • 
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Figure 3 shows some example curves plotted from the use of 
Table I. 

In addition to these conclusions as to the insurance derived 
by adding units to strings of insulators in transmission lines, it 
may be noted with reference to dead-ends in higher voltage 
distribution lines, that where a single unit is adequate to normal 
service, but is subject to failure at the rates to be expected 
amongst suspension units, that is, of an order of magnitude of 
from one-quarter of one per cent to 4 per cent per annum, the 
single unit is no longer to be considered as economically 
sufficient; for the line reliability will then be only the relatively 
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low reliability of the individual units multiplied by the number 
of units. With two units the probability of failure is greatly 
reduced and in a general way it may be said that with lines of 
sufficient voltage so that line failures almost invariably follow 
the failure of the principal insulating member at any point of 
support (that is in lines of 10 kv. and up where subsidiary 
insulators in the form of wood pins, cross-arms or poles will 
not withstand normal line voltage) it is never economical to 
use single suspension units as dead-ends. Even insulators of 
weaker design (electrically) are in such cases to be preferred 
in pairs to a single unit, provided that one unit of the weaker 



Fig. 3 Insurance Against Electrical Failure by Adding one In 

SULATOR TO STRING-EXAMPLE VALUES OF L 


Pfl- 11 , wlthstand normal operating stresses in case of failure 
of the other For instance, if the rates of depreciation are 4 

S small units and 1 per cent for the large, the 

sin^Xe “X “ ‘ W ° ““ be 6Ji to 1 a * ainst the 

These considerations likewise show why an insulator strinn 

XT 01 “ -tt genX 

Slew ,° “ y form of su PP°rt consisting of a 

single unit or group of interdependent units. 

It may be said that it is difficult to determine n - r nr the 
number Of insulators which is one less than wtVhold" £ 
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line upon which the use of this formula rests. The or dinar y 
10-in. suspension insulator is usually rated as having a dry 
flash-over value of 90 kv. and a wet value of 70 kv.; in pairs 
the corresponding values are respectively 160 kv. and 110 kv. 
Yet we know from experience that two of these insulators would 
not stand up on a 66-kv. line under the most favorable condi¬ 
tions for more than a short period. Line surges, weather condi¬ 
tions, etc., all reduce n — r, and it is important in choosing a 
value for n — r in these formulas that the quantity be under¬ 
stood to represent not the number of insulators at which 
break-down will occur instantly, but rather the number at 
which break down will occur under normal operating condi¬ 
tions within a short period subsequent to the failure of the 
(n — r + l)th unit of a string. This break-down may always 
occur subsequent to surges which are to be periodically expected 
in any line and if these surges are sufficiently frequent to 
greatly outnumber the expected string failures, as they will be 
in almost every practical case, simultaneous failures will not 
be sufficiently frequent to render the formulas incorrect. The 
finding of numbers of shattered strings after a total failure is 
not generally an argument in favor of the occurrence of simul¬ 
taneous failures, but rather these shattered strings represent 
previous unexplained momentary failures. Furthermore, the 
tendency of surges to produce simultaneous failures and thus 
reduce line outages, is to a certain extent balanced by the 
original assumption of successive unit failures being entirely 
independent events, which is not strictly true. 'In general, it 
may be said that owing to the difference between test and 
laboratory conditions, and further because of surges, which 
tend to give any line a true voltage as regards effects on insula¬ 
tors in excess of its rated voltage, we will not go far wrong in 
basing n — r on half the wet flash-over rating given by manu¬ 
facturers to their product. It may be noted from Table I that 
a variation of one in n — r does not greatly affect the value of 
L in most practical cases. 

As we increase the number of units and thus decrease the 
chances of electrical failure, we increase the chances of mechani¬ 
cal failure. Mechanical failures are of two general classes,those 
due to lack of strength or inherent defects in the insulator or its 
supports, and those due to external causes, such as the malicious 
use of firearms. Obviously, any mechanical failure means a 
line failure, particularly at dead-end points where mechanical 
failures of the first type are most likely to occur. 
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By mechanical failure is meant the complete breakage of a 
unit as a means of support. Mechanical failures of the several 
types which are the initiating causes of electrical break-down 
. (as, for instance, those which follow cyclic temperature changes) 
but which do not in themselves cause the line to fall, must be 
considered the equivalent of electrical failures and must be 
allowed for in the choice of the value of p e (the probability of 
electrical failure per unit), since they affect line failures under 
the same laws. But for true mechanical failures the chance of 
failure per string is the chance per insulator times the number 
in the string, or 

Pm 71 Pm* (8) 

or for the whole line 


P*m = Nn p m ( 9 ) 

Since electrical and mechanical failures as above defined are 
independent and exclusive events, the probability of failure of 

both kinds is equal to the sum of the probabilities of failure of 
either kind, or 


P N t - Nn p Jh + N 


n l 


r ! (n — r) ! 


Ve q t 


( 10 ) 


This equation may be most easily investigated for the value 
of n which will give a minimum of annual failures for any set 
of values of p m , p e and r by plotting, particularly as short cuts 
have been given for determining values of P Ne . But in general 
we are not as much interested in the value of n which in any 
case will result in a minimum number of failures. For man y 
values of p c and p m this will give impractical or impossible 
results. . 'Vi' hat we are interested in is the reduction of cost of 

smice, including all elements of fixed charges, maintenance 
and depreciation. 

Formula (10) may be applied to a practical problem in the 
following manner: 

. Assume a line containing 1000 insulator strings. Two good 
insulators m a string will result in a line failure; three will hold 
he line. It is required to determine whether four or five insu- 

a t° 2 per ® trmg wil1 result in the most economical installation. 

Let it be assumed that insulator units in the line as con- 
struc ted^will cost $8.00 each. Th e fifth unit is also estimated 

IJZT* Wter 40 
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to cost $3.00, no additional cross-arm length or tower height 
being required for clearance owing to the extra 5^ in* of 
length of string. Fixed charges are taken at 12 per cent, this 
figure including functional depreciation of insulators, but being 
exclusive of physical depreciation, which is taken care of under 
maintenance. The cost of replacing an insulator unit which 
has failed electrically, but which has not resulted in a line 
failure, is estimated at $5.00, it being assumed that the line is 
gone over with suitable testing apparatus annually, all defec¬ 
tive units being replaced at that time. The cost of field testing 
insulators is taken at 10c. each. The cost of an unexpected line 
failure, including location of the failure, replacement of the 
broken units, loss of business and stand-by plant operation, is 
taken at $150.00. Naturally, this amount is subject to wide 
variation, being made up of a number of items, some of which, 
like the value of continuity of service from a public policy 
standpoint, cannot- be expressed directly in terms of money. 
In fact it is conceivable that in some cases the cost will be less, 
but in many cases greatly in excess of the above figure, particu¬ 
larly where service is dependent on a single line and the cost of 
stand-by energy (if available at all) is considerably in excess of 
the cost of energy secured over the transmission line. Assume 
an electrical failure of four per cent per annum, and a mechani¬ 
cal failure (as above defined) of one-fortieth of 1 per cent as an 
average for units both in suspension and in strain at dead-ends. 

We now have the following tabulation of annual costs: 


► 

Quantity 

Unit cost 

Amount 

Four 

units 

Five 

Units 

Four 

units 

Five 

units 

Fixed charges. 


5000 

12% of 3.00' 

SI,440.00 

$1,800.00 

Total electrical failures (4%). . 

160 


5.00 

800.00 

1,000.00 

Electrical line failures (Pisre)... 

S. 85 

0.59 

150.00 

1,327.50 

88.50 

Mechanical line failures (Pnjm). 

1 

1.25 

150.00 

150.00 

187.50 

Insulator testing.. 



0.10 

400.00 

500.00 


Total annual cost.. 


$4,117.50 

$3,576.00 


It will be noted that all of the above items of cost, with the 
exception of those due to electrical line failures, vary directly 
with the number of units in use, and may therefore be grouped. 
In the above schedule these items total 23.25 per cent of the 
first cost of the units installed, and the same result would have 
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been secured by taking annual charges at that figure instead of 
12 per cent. Summing up the terms of this nature, we have. 

ryi f 

y = F e A N n + B N (11) 

in which y is the total annual cost, F c is the per cent covering 
fixed charges and items of maintenance varying directly with 
the number of units installed and determined as illustrated in 
the table above, A is the first cost per unit installed and B the 
cost per unexpected failure. Differentiating with respect to n 
and equating to 0 for a minimum we have: 


F C A + B 


n ! 


r ! (n~ r) ! 


r n n ~r 


Pe r q 


(n — r) l (——[-.. _l_ 

\ n .n — 1 .^ 


n — r + 1 


+ loge q e 


= 0 


( 12 ) 


This equation is too involved to^be used conveniently in 
soMng for n and it is more practical to determine the value of 
n which gives a minimum total cost in any case by using Fig. 2 
m connection with equation ( 11 ) and solving by plotting or 
tabulation. For instance, in the example above discussed we 


1—--_ 

n 

Fc A N n 

B N P R 

3 

$2,092.50 

$16,595.00 

4 

2,790.00 

1,327.50 

5 

3,487.50 

88.50 

6 

4,185.00 

5.30 

---1 


, snows tnat n = 5 gives a minim,™ 

annual cost in this case. g a mmimum 

differentiai^betwee^e^ectrical 11 !! 38 Pr ° P0sedj lt is essential to 

condition faflZ Thetaf ^ “ d 

second of n - r The LT£ , Selectl0n of the 

characterized by f^lure bv rnmSf % Sf gh not invaria bly 

flash-over. In ^ by faiIure * 

some districts, notably along the California 
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coast, climatic and atmospheric conditions are such that any 
line, regardless of the degree of over-insulation used will 
ultimately fail by flash-over, if not given continued attention. 
The gradual accumulation of salt and dust, particularly on the 
under side of the units, beyond the reach of the infrequent 
winter rains, will eventually result in flash-over. In other 
words, as time goes on, if the insulators are not artificially 
cleaned, r becomes zero and line failures result in great numbers 
without the occurrence of a single failure of the other type. 

It is therefore necessary in considering a problem of this type 
to note the value which n — r will reach before natural causes, 
such as a cleansing rain, or some artificial means is used to 
reduce this quantity to its original value. 

On the other hand it should be emphasized that in this dis¬ 
cussion the probability p e of electrical failure is, intended to 
cover those types of failures variously attributed by insulator 
specialists to porous porcelain, to expansion difficulties induced 
by cyclic temperature changes or to combinations of the two. 
In any lot of insulators under a specified set of conditions a 
certain proportion will become defective, due to these or similar 
causes, and the balance will remain intact. There is at any 
.given time a reasonably sharp line between the good and the 
bad; that is to say, between those that will fail when moisture 
and line conditions are favorable to failure and those that will 
not. In general, insulators deteriorated in this manner under 
no circumstances will return to their original quality, although 
failure may not be instantaneous, and although testing by the 
several common methods (high-frequency, high-potential and 
megger) may indicate a variety of degrees of deterioration. 
But under conditions of incipient failure of the surface leakage 
type all the individual units will be found uniformly deterio¬ 
rated (within fairly narrow limits), and in this type of deteriora¬ 
tion of condition there is no sharp line between a “good” and a 
“bad” unit. Furthermore these units may at any time prior to 
damage by a power arc be returned to their original quality by 
cleaning. It is evident at once that while failures of the punc¬ 
ture type may be and probably are independent events, failures 
of the surface leakage type can under no circumstances be so 
considered. Under flash-over conditions individual units do 
not act independently. 

Although nearly every insulator failure is finally a flash-over 
there is little practical difficulty in differentiating between 
the two types of failure. The flash-over due to deteriorated 
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line conditions shows a heavy foreign deposit on the insulator 
surface. In almost every case the bottom member of the string 
will be shattered; often the top member also, but rarely an 
intermediate member. Unbroken units will before cleaning 
give a zero reading with a megger and a very low flash-over 
with a high potential test. Subsequent to cleaning, however, 
unless badly burned by the power arc, they will give as high a 
megger and flash-over test as when new. Lines subject to 
difficulties of this kind cannot be tested with a megger in the 
field even on a clear, dry day, unless each unit is wiped off 
before test. 

In the other type of failure we have the fundamental condi¬ 
tion that r units have failed by material depreciation (usually 
puncture) and the balance (n — r) being unable to hold the line 
have subsequently flashed-over. The characteristic differen¬ 
tiating this class of failure from the other is the number of 
punctured units which occur at random throughout the string. 
Even if subsequently shattered by the power arc they may 
usually be readily distinguished from units shattered by the 
other type of failure. 

In testing and renewing insulators on the line it is desirable 
that results be recorded in detail. The distribution of failures 
between strings, their location in different sections of the same 
line and the relative frequency of failure of units in correspond¬ 
ing positions in the string, all will be of interest in deducing the 
causes of failure. It is desirable to know whether bottom, top 
or intermediate units fail most frequently, and in what ratio; 
whether units in greater tension at dead-ends fail more fre¬ 
quently than those in suspension; whether units with bolts 
exposed to the direct rays of the sun fail more frequently than 
those on the same tower but with bolts toward the north and 
consequently protected from the sun by the porcelain shells. 
It is of interest to note whether failures follow hot spells, 
whether they are decreased by cleansing rains and other effects 
of the weather. If lines operating under similar conditions 
contain units differing in manufacture, it is of course important 
to determine separately the percentage of failures for each type. 
Also by noting the relative frequency of single and multiple 
failures, it is possible to determine whether failures follow the 
laws of probability for purely independent events, as above 
outlined, or whether successive unit failures are to a certain 
extent dependent events. 
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Discussion on “Theory of Probabilities Applied to 
Failures of Suspension Insulators” (Klauber), Los 
Angeles, Cal., September 18,1919. 

W. D. A. Peaslee: It would be a very serious obstruction 
to the progress of insulator development if the viewpoint 
expressed by the author were to be adopted in general by 
the operating engineers charged with the care of high-voltage 
transmission lines. 

In the first place, the author seems to take the mental 
attitude that the development of the high-tension insulator 
has reached its ultimate and that more admittedly poor in¬ 
sulator units are to be the solution as against fewer units of a 
better type with wider margins of safety in the individual unit. 

His main contention seems to be expressed in the sentence, 
“It is not advisable in any construction to limit the number 
of insulators' in a string to a quantity just sufficient to with¬ 
stand line pressure under service conditions, and thus cause 
failure if one member of the string fails.” 

This statement pre-supposes the acceptance of the statement • 
that when a string is just sufficient from an engineering stand¬ 
point, the failure of one unit of the string will cause the failure 
of the string. With a properly designed insulator, this is not 


the case. . 

In almost all cases, except where excessive salt, dust andf ogs 
are encountered, the determining factor in selecting the num¬ 
ber of units of a string is the voltage stress on the end units. 
Too few engineers appreciate the actual numerical values of 
voltage strains on the end units and there is too little published 
data on the subject. In this connection, the writer will say 
that a paper is in preparation giving these distributions on 
strings up to' ten units and under various conditions that it 
is hoped will be of interest to the engineering fraternity. 

' The end unit of a string must be operated at a voltage stress 
below that at which corona appears ._ I think all the men who 
have been studying this subject will agree on this point. _ If 
N is the number of units in the string to meet this condition, 
a string of N -1 units, caused by the failure of one unit will, 
it is true, probably operate with some slight corona on the end 
unit of the N -1 string; but with a properly designed unit, this 
will not be the case, and even under slight corona the unit will 
operate for an indefinite time if properly designed and made. 

It would seem better to work towards the development of 
such a unit than to accept the present thin porcelain insulator 
as the ultimate and pay for extra unit insurance that is only a 


time function anyway. • , 

It will be of interest generally, I think, to state here some 
progress that has been made, and show briefly what can be 
realized with an insulator of proper design and quality. 

The function of an insulator is three-fold: 

1. It must support the line mechanically. 
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2. It must insulate the line. 

3. It must resist all possible temperature changes that may 
be met in practise, both as to range of temperature and time 
in which the range is encountered. 

To support the line a simple mechanical strength is necessary, 
arid for ordinary cases a unit with an ultimate mechanical 
strength of 10,000 pounds is considered ample. Every unit 
should be tested to 5000'pounds before the electrical_tests 
are applied. 



In the matter of insulating the line, the problem becomes 
extremely complex. Irregular distribution of the electric stress* 
on units of a string, lightning, transients, dust, etc., etc., are 
factors that must be taken into consideration. One of the 
most serious causes of failure of thin porcelain insulators is, 
the puncturing power of transients of extremely abrupt wave 
irontS; The writer has presented to the Institute two papers 
on this subject from a laboratory and operating experience, 
it may be said that the general answer to this series of factors 
is an ample thickness of homogeneous porcelain properly fired. 
A very few years ago the manufacture of such porcelain was 
admittedly impossible, but that is not the case today, as porce¬ 
lain oi almost any desired thickness can be made absolutely 
homogeneous and of the highest quality, free from porosity. 

I he temperature cycle resistance is solved by eliminating the 
cement cap and pin type of construction with its several 
materials of different coefficients of cubical expansion in rigid 
contact and its hydroscopic material for further trouble. 

A further electrical requirement is a rational electrical design, 
& oidmg zones of high dielectric flux concentration and pro- 
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ducing a unit in which the dry flashover and first appearance 
of corona are as close together as possible. In a laboratory 
type, these may be made the same, but commercial considera¬ 
tions of manufacture make this ideal condition impossible of 
realization in quantity production. 

Consider, then, an insulator of the design shown in Fig. 1 
and of the following electrical and mechanical character¬ 
istics: 

Mechanical Strength. 10,000 pounds 

(Each unit tested to 5,000 — before 
electrical test) 

Dry flash over 60 cycles.100,000 volts 

Wet flash over 60 cycles. 50,000 volts 

Dry flash over 200,000 cycles.120,000 volts 

First leakage corona. 45,000 volts 

Easily visible corona. 60,000 volts . 

Puncture.^.250,000 to 300,000 volts 

Thickness of porcelain between elecrodes 2}4 inches. 

If, now, we use five of these units on 110,000 volts, (a 
line has been in successful operation for some time under these 
conditions) the stress on the end unit will be approximately 
33,000 volts. This unit then operates with the following 
safety factors: 

Safety Factor 


Dry flash over 3. 

Wet flash over 1.5. 

# (If the distribution were the same wet as dry), but as the 
distribution is better wet than dry, the safety factor as indi¬ 
cated by measurements taken under standard rain test con¬ 
ditions indicate that the safety factor due to reduction of 
stress on this unit reaches 2.1. 

Puncture 7.5 to 9. Due to the very thick porcelain which 
reduces the flux concentration on the electrodes, the effect of 
transients is less and the thickness available for resisting them 
much greater than in the thin porcelain type. 

Margin to Corona voltage 12,000 volts Safety Factor 


Dry flash over of string 340,000 volts 2.8 

Wet flash over of string 220,000 volts 1.8 

The alloy used in fastening the spider legs into the porcelain 
has the same coefficient of cubical expansion as the porcelain 
used in the insulator and this, with the spider support, makes 
an insulator that can be plunged from boiling to freezing water 
as often as desired without fracture or chipping. 

Suppose now that a lightning stroke or rifle bullet cracks 
a unit. We find ourselves with four units supporting the line 
and the following conditions, remembering that total destruc¬ 
tion of eight spider legs is necessary before the line will drop if 
& unit fails. 










1216 


SUSPENSION INSULATORS 


[Sept. 18 


Voltage on end unit, approx.41,000 volts 

Safety Factor 


Dry flash over. 2.44 

Wet flash over (as discussed before) .... 1.8 

Puncture 6 to 7.5.. 

Margin to corona. 4,000 volts 

Safety Factor 


Dry flash over of string 280,000 volts ... 2.55 

Wet flash over of string 185,000 volts ... 1.68 

Under these conditions no corona would be visible though 
there would be a leakage corona. This string would operate 
indefinitely but is not the correct number of units for 110,000 
volts. 

Considerable has been said regarding the danger of using 
porcelain in tension and its supposedly excessive fatigue when 
in tension. Research laboratory tests now partially finished, 
indicate that there is no foundation in fact for these fears, as 
indeed there is none in logic. The results of these and other 
tests will be published at an early date. 

It would seem then that the basic contention of Mr. Klauber’s 
paper is wrong and that there is relief at present available for 
the condition he describes. We should look to improvement 
in insulators rather than to more units of inferior characteristics 
c s a solution for the insulator situation. 

I am very glad to see a recognition by one of the operating 
engineers of the fact that “any line, regardless of the degree of 
over-insulation used, will ultimately fail by flash over, if not 
given continued attention” along the California coast regions.- 
This is a fact that I think some engineers have lost sight of in 
their enthusiasm for adding more units to a string to take 
care of this creepage condition. 

C. O. Poole: Would say that as I view the situation, Mr. 
.Klauber has endeavored, and I think has worked out a principle 
upon which wei can calculate a certain factor of safety upon 
the ordinary insulators as they are used, and, by varying, it 
very probably can, with some uncertainty, be applied to 
different climatic conditions. 

This subject of climatic conditions, I think, has a great deal 
to do naturally with the operation of insulators, as well as 
with any attempt that may be made to formulate a definite 
equation that might cover all conditions. As a matter of fact, 
I think it is impossible to make a definite equation that will 
coyer all conditions with any degree of accuracy. However, I 
think Mr. Klauber has accomplished one thing and that is the 
fact that he would eliminate excessive investment for a given 
insulation on a line. We must, however, acknowledge that 
with the uncertainties of manufacture and the uncertainty of 
types of insulators, it throws an element of uncertainty into 
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the whole proposition. While I feel that we will get some good 
out of the paper, yet I think it is open to betterment in this 
respect. 

J. A. Lighthipe: The insulator game is progressing. Of 
course, every new insulator manufacturer that comes to the 
coast has finally developed the only perfect insulator. How¬ 
ever, it usually takes some experience to get at the truth of the 
matter. The insulator game is one we have been watching 
very closely for the reason that all our service throughout 
Southern California and middle of California, is depending 
on the insulators doing their proper work. 

Even with the tools that people have contrived to test these 
insulators, just as Mr. Barre said in the discussion of the preced¬ 
ing paper, out of a clear sky comes a flashover. Sometimes 
it is serious and interrupts service. I rather agree with Mr. 
Klauber in his idea. Three insulators will stand up one or 
two years; perhaps four will stand up six or seven years. That 
extra three or four years means a great deal to the operating 
company. What we have been working on as much as any¬ 
thing else is to try and get a careful record of the breakdowns 
of the insulators and, if possible, find out why they break 
down in that locality. 

We all have our own theories. Perhaps this terrible catas¬ 
trophe we are experiencing with insulators happened oyer the 
oil well sections. We all know that in our oil well sections, 
especially in the East, there is a constant flow of helium which, 
is an emanation from radium and, passing our insulators, 
may ionize them. 

I thought my theory just as good as Barre’s, but at the same 
time we are awaiting an insulator which will hold up and we 
are glad to say they are holding up a little better today, and 
without doubt a great deal better than those we had a few 
years ago. The unfortunate part of the test is that it takes 
two or three years to find out absolutely, whether they are good 
or bad. Any insulator is good for the first season; most of 
them last two seasons without any breakdown. . But, with all 
your careful testing, it is expensive to root out the bad insula¬ 
tors. Every improvement that can be made in these insulators 
which will hold up the line another year means that much .re¬ 
duction in the operating expenses. 

J. H. Anderton : From Mr. Barre’s remarks regarding in¬ 
sulator flashovers on the Big Creek line, it would appear pos¬ 
sible to tie Mr. Klauber’s and Mr. Curtis’s papers together. 

If I am not mistaken, this question of flash-overs on the Big 
Creek lines was first noticed in 1915. It is perhaps difficult, 
if not impossible, to definitely explain it. I have, however, a 
theory which may apply to it as follows: 

The length of the Big Creek lines is approximately 241 miles. 
At 50 cycles a quarter wave length of the fifth harmonic would 
be 187 miles or 54 miles from one end of the line, and I under- 
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stand from Mr. Barre that these flash-overs occur at approxi¬ 
mately this distance from the end of the line. The transformer 
connections at both ends of the line suppress the third harmonic 
and some others; they do not, however, suppress the fifth, 
which is often found in generators. The current in the fifth 
harmonic wave may be very small,^ in fact, such that the line 
offers no appreciable resistance to it and my theory is that a 
condition of local resonance is set up in the line due to the 
fifth harmonic which is, of course, superimposed upon the funda¬ 
mental voltage and causes the flash-over. There are, of course, 
innumerable frequencies which could set up resonance condi¬ 
tions in the line such as lightning and similar disturbances, 
some of which may travel comparatively short distances before 
causing flash-overs. The recurrence, however, of flash-overs 
at or near a certain point in the line would usually indicate 
something inherent in the system. 

This question of flash-overs .naturally brings up the question 
ot insulators. The selection of suitable insulator string in¬ 
volves the selection of a suitable factor of safety. The line 
may be so insulated that transient waves of voltage may be 
carried along the line to the power house and thus destroy 
apparatus. In general, it would appear preferable to select 
a tactor of safety such as will give a reasonable degree of 
security against the break down of units in a string but will 

^ir eV ^\ the i? ash over and consequently the dissipation of 
erne high-voltage waves which might destroy transformers 
nd generating equipment. In other words, it is preferable 
to hav e an occasional string of insulators destroyed than to 
have apparatus m the generating station destroyed. 
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We have taken a string of insulators and put potential on 
hem until the hardware, without disks, about the wire began 
o fire, then putting the disks in place the string under the 

evSf ^° te ^ tia il aS previously applied would be perfectly quiet 
even m a dark room. J M 
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arrester, no doubt, but it does reduce the interruption of 
service on the line to a minimum, and that is important. 

In considering the paper we must distinguish between insu¬ 
lators, or insulation, necessary to take care of the ordinary 
conditions of operation, allowing the proper factor of safety, 
and the proposition of adding one or two units in excess of that. 
We apply the principle generally in engineering and I see no 
reason why it should not be applied in line insulation provided 
we can protect the station equipment from the higher voltages, 
which are possible on the line through the use of lightning 
arresters. 

L. C. Williams: Insulators, after having been in service * 
for a period of years, will depreciate much more rapidly than 
those which have been in service for a period of one year. I 
would like to ask Mr. Klauber if he has taken that point into 
consideration? 

From the manufacturer’s standpoint it is quite possible 
to manufacture suspension insulators which will have much 
greater electrical and mechanical efficiency than those we have 
at present but it is also well known that those insulators will 
be prohibitive in cost from an operating standpoint. 

Mr. Peaslee does not mention the unit costs of his insulators. 
Mr. Klauber takes the unit cost of $3.00 per unit installed on 
his line. ' If Mr. Peaslee’s insulator being considerably heavier 
costs considerably more installed on the line, it should be taken 
into consideration that an economic comparison, even pre¬ 
supposing that four of his units will do the work electrically 
as against five of the ordinary cap and pin type, could not be 
accurately made without having the unit cost to base figures 
on, I cannot make the comparison myself but it is a point 
worth considering. 

Now, as to Mr. Fisken’s question of differential. There 
have been experiments made which give the curve practically 
the same as shown by Mr.. Shoemaker’s remarks. In a string 
of twelve insulators the unit nearest the line wire will take ap¬ 
proximately twenty-six per cent of the duty without arcing 
horns. By adding.arcing horns to the lower end of the string 
alone, that unit will take approximately ten per cent of the 
duty over a string of twelve and the next unit to the line will 
take approximately fourteen to sixteen per cent. 

I have no data whatsoever on the failures with relation to 
the position on the string. 

Mr. Peaslee mentions a line in successful operation at 
100,000 volts with five units in a string of the type he advo¬ 
cates. . One of the principal points of Mr. Klauber’s paper is 
climatic conditions which have a decided bearing on his laws 
of probability. Unquestionably, under certain conditions, that 
type will operate satisfactorily on 100,000 volts, but on the 
Pacific Coast experience has shown that puncture value is not 
necessarily the governing factor, but leakage surface is much 
more so than the puncture value. 
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I think it possible the addition of extra units should be taken 
into consideration as insurance against the leakage over the 
strings rather than the puncture value of the units in the string. 

L. M. Klauber: With reference to Mr. Peaslee's remarks, 
he would seem to think that I am a pessimist with regard to 
insulators. Of course, I know from experience and from 
discussing this matter with the representatives of nearly all 
manufacturers, that the manufacturers have indeed made 
great progress in the last few years in their product. If a 
person is a pessimist I think he is usually a pessimist between 
two and four o'clock in the morning when the insulators 
• fail and the lines go out. We all know that they do go out. 
No one hopes more than I do that the manufacturers will 
make perfect insulators. Probably they are making perfect 
insulators today, but the last ones we got day before yesterday 
were not perfect; and we rather fear that when tomorrow 
comes and the insulators of today have failed we will again 

be told to overlook the past and think only of the perfection 
of the present. 


With reference to Mr. Anderton’s remarks on the subject 
of over voltage: this paper, being based as it is upon the 
determination of minimum annual cost, not only specifies 
what the minimum number of insulators in a string should 
be but also the maximum. It would seem that dependence 
on having insulators fail in order to protect station apparatus 
is a reflection on the manufacturers of lightning arresters. 
Ihe great difficulty in depending on the insulators is not that 
they will not fail; they do that readily enough. But it is 
an -d expensive to locate a failed string after breakdown 
and it would seem best to protect against high-voltage strains 
by other means especially designed for the purpose. 
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The errors ot the method are dismissed with met hods for de- 
t ei mining their tnagid I ode, and the advantages of the graphical 
treatment pointed out, 






D APIDLlt growing demands upon our transmission systems 
for more power and belter service have made it impera¬ 
tive in many eases that increased capacity he provided without 
delay. ^ Increasing the capacity means in most cases improved 
regulation, but frequently demands also a better efficiency of 
operation in order that the maximum possible fraction of the 
output of the generators may lie delivered. This is usually 
thought to demand higher voltages or heavier lines or duplica¬ 
tion of lines, all of which require time as well as money. 

It is not perhaps fully appreciated that a synchronous motor 
operating upon the system may, if properly proportioned, 
Improve the efficiency as well as the regulation, thus accomplish¬ 
ing both of the things desired. 

While the theory of the synchronous phase-modifier 
been fully treated before the Institute it is hoped in the follow 

ing to make its general effect upon a transmission system a 
little more easily grasped. 

In the consideration of transmission problems the writer 
feels that far too little use has been made of the remarkable 
diagram first proposed by Pcrrine and Baum, (Trans. A. I.E. 1 
May 1900.) 
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The peculiarities of this treatment are that the voltage at the 
receiver is assumed constant and that at the generator solved 
for, and that the current is treated throughout as made up of 
three independent parts, charging current, I c ; load current, 
I cos <f>; and reactive or wattless component delivered, I sin <j>. 
The electromotive force required to force each of these com¬ 
ponents of current through the line is then figured, first for the 

«* 

resistance and then for the reactance of the line, thus giving the 


following components of e. m. f. required; 


Rio XI c 

__ * _ ft 

2 ’ 2 ’ 


RIcoscp; XI cos 4>; RI sin <f>; and X I sin 4>. The charg¬ 
ing current values are divided by 2 because I c distributes itself 
over the line in a way assumed here to be uniform. 

To make up the regulation diagram, Fig. 1, the e. m. f. at the 



receiver, E, is assumed as the vector of reference and the above 
values added to get the total voltage needed at the generator. 


In Figs. 1 and 2 a 6 is , p c is , c g is R I cos <f>, g d 
is XI cos <t>, d e is RI sin <j> and e / is XI sin 0, the last two 


being shown for 0.8 power factor, lagging. ~ ^ ~ J L c — and —~— 

2 2 

are plotted first since they are closely constant and assumed to 
' be exactly so here. ' 

The total volts required to force the working component of 
current through the line is c d, and is equal to Z I cos <f>. The 
va ue of c d will therefore vary directly with the kilowatts 
e ivered since E is assumed to be held constant. A scale of 
kilowatts may be therefore used along c d as in Figs. 2 and 3. 
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An ampere scale may also be added if desired. In the same 
way a scale of reactive kv-a. may be laid off along df as shown. 

The advantage of the method lies'in the fact that the entire 
performance of a line for all conditions of load is shown by one 
solution, and further that the effect of any change of load is 
shown directly for any assumed case. The thing really most 
desired in studying a design for a line is to learn the effect which 
will be produced by the greatest sudden change in load that 
may be expected. Questions of this sort are answered directly 
by this diagram. 

Fig. 2 shows that the diagram as there made up is really a 
chart in which distances along the axis, c d, represent power in 

REACTIVE KILOVOLT-AMPERES DELIVERED 

Q O O O S 

o o o o £ 

o o o o o L 

CO LO CVI o CVJ LO oo < cm 

LEADING * LAGGING 

POWER FACTOR 



kilowatts, while distances along the axis, d /, represent reactive 
kv-a. Thus, the point, d, Fig. 2, represents 16,000 kw. at 
unity power factor, and, from the scale below requires 100.8 
per cent of the receiver voltage at the sending end. Also point, 
j, shows that an addition of 6000 reactive kv-a., requires the 
generator voltage to be increased to 106 per cent of E. Further, 
a load of 12,000 kw. at 0.8 power factor, lagging, can be 
handled without drop in the line if a pure condensance requiring 
8250 kv-a. be connected to the system. See points k and k'. 

The time thus spent in rehearsing the workings of the 
Perrine-Baum diagram is considered well spent for we are now 
ready to apply it directly to the problem of this paper. 
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In order to get reasonable accuracy in calculating the effect 
of an over-excited synchronous motor running on the line 
without load it is necessary to include the power losses in the 
machine itself. 

To do this in a way best adapted to use with the regulation 
diagram just shown, the performance of the machine can be 
plotted in the form shown in Pig. 4. This represents the same 
current values as determined in the test for the “ V” curves for 
the machine except that they are plotted according to their 
respective power factors and a scale of kw. one way and kv-a. 
the other used. In other words this plotting shows the active 


REACTIVE KILOVOLT-AMPERES DELIVERED 
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and the reactive components of the kv-a. taken by the machine 
for any total value; either over or under excited. The slight 
difference between leading and lagging losses shows the effect 

° t+ T5^ n £ l° ss field windings for different excitations. 

t will be noted that the data for the machine are now plotted 
m the same form as is used in the Perrine-Baum chart, that is, 
with kw, for one axis and reactive kv-a. for the other, so that 
it can be drawn in directly, to proper scale on the chart. This 
is done m Fig. 3. This figure shows, for example (see points s 
and r ) that the addition of the phase-modifier working at full 
capacity of 12,000 kv-a. changes the load from 12,780 kw. at 
0.7 power factor lagging, to 13,500 kw. at 0.99+ power. 






1919] CARPENTER: PHASE-MODIFIER ■ 1227 

factor lagging, and the line drop from 23 per cent to 2 per cent. 
It is evident that a condenser of one half this size would bring 
the line drop down to about 12 per cent and the power factor 
up to 0.88. 

A study of the diagram shown and of the properties of the 
different sizes of line conductors will bring out the fact that a 
transmission line made up of very large conductors will respond 
more directly to the corrective action of a synchronous phase- 
modifier than one using small' conductors. That is, if we 
substitute a conductor of one-half the cross-section of that used 
in the line figured above the resistance will be doubled but the 
reactance will be only about 6 per cent greater. This means 
that with the smaller wire the line, c d, of Fig. 1 will be much 
more inclined toward the horizontal and d f toward the vertical. 
This further tilting of the axes of the diagram makes the effect 
of a synchronous motor much less, so far as its usefulness in 
correcting regulation is concerned. It will still be effective in 



Fig. 4 


reducing the power lost in the line simply by its effect in reduc¬ 
ing the value of the total current flowing in the line. This also 
applies to cases where the power line is made up of underground 
cable where the reactance is usually less than the resistance. 

Owners of small overhead lines may expect the same disap¬ 
pointing results in varying degrees depending on the material 
of the line, the size, and the spacing. 

In all high-voltage systems where the use of phase-modifiers 
is most advantageous it is necessary to associate step-up and 
step-down transformers with the line whenever operated, and 
usually the transformer sets used with any line are the same 
from day to day. In all such cases there is no need of figuring 
the line behavior as a separate matter from that of the trans¬ 
formers which are really a part of the line. The resistance of a 
transformer, if taken over the ordinary range of working 
temperatures is only slightly variable, and its reactance, 
depending as it does on the relative positions of the windings 
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and the dimensions of the non-ferrous portions of the leakage 
paths, is also quite constant and independent of changing load 
conditions. If then the same transformers are usually used 
with the line under consideration there is no reason why their 
resistance and reactance should not be included with the 
resistance and reactance of the line. Values for the low-tension 
coils must be changed to high-tension equivalents before adding 
them in. 

In Fig. 3 is given the behavior of the same line as shown in 
Figs. 1 and 2 with the transformers included. The difference 
shows the futility of making an exact solution for the perform¬ 
ance of a line alone which can never be used without its trans¬ 
formers. It also shows the faulty economy in trying to get a 
very good regulation in the line when the transformers will 
prevent it anyway. 

Figs. 2 and 3 give the performance of a three-phase line 140 
miles long with 300,000-cir. mil. stranded conductors spaced 
12 ft., operating at 60 cycles and 110,000 volts between wires. 

Fig. 3 includes the transformers which are assumed to 
handle 16,000 k v-a. at 0.8 power factor and to have a regulation 
of 1 per cent at unity power factor and 6 per cent at 0.8 power 
factor lagging. 

It will be noted that under most conditions the ratio of X to 
R will be higher for the transformers than for the line. This 
may mean that a phase modifier will give good service in 
improving regulation where a study of the line alone would not 
make this apparent. 

It seems that the reason more use has not been made of this 
method of studying transmission problems is based on the fact 
that it is considered inaccurate. The inaccuracy lies in the 
fact that the static charge which makes up the charging current 
is assumed to be uniformly distributed along the line, disre¬ 
garding the variation in voltage, and also in the fact that the 
charging current is assumed for convenience to be just 90 
degrees ahead of the receiver voltage. Inaccuracy is much 
more feared when the extent of the error is unknown. This 
difficulty is removed by the exact analytical methods available 
when needed, any of which may be applied to any one particular 
condition out of the variety which the chart represents and 
thus show the error for that point, in fact this is the way to 
learn to appreciate the graphical method which answers all 
questions with one solution. As a matter of fact be 
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easily shown that the terms calculated in making up the Perrine- 
Baum diagram are, neglecting line leakage, nothing more or less 
than the first three terms of the following series which repre¬ 
sents the behavior of a line to any required degree of exactness. 


e'-e + iz+A4Z-+™L + 

2 o 


Y 2 Z 2 E 
24 


4“ etc* 


For any of the lines now in use the error of the method outlined 
will be found to be well within all useful limits. 
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Discussion on “Predetermination of Synchronous Phase- 
Modifier Performance” (Carpenter), Los Angeles, 
September 20, 1919. 

H. B. Dwight: A diagram drawn up to show the particu¬ 
lar characteristics of an individual transmission line, as de¬ 
scribed by Mr. Carpenter is very useful in the design^ and 
operation of an electrical transmission system. An additional 
valuable feature is that the average power factor observed for 
various fractional loads may be plotted directly on the diagram, 
thus showing the generator voltage, or the phase-modifier 
kv-a., required at any load under usual working conditions. 

The diagram described in the paper is based on the so-called 
"split-condenser method” of calculation, in which one-half of 
the capacitance of the entire line is assumed to be concentrated 
at the receiver end. It is stated in the paper that the diagram 
is not used to a greater extent because of the inaccuracy of 
this method. However, it is not necessary to use the "split 
condenser,” or any approximate method. A diagram which 
is the same in its essentials as that described in the paper, 
but based on the complete hyperbolic transmission line theory, 
has been published by the writer.* This diagram is called a 
"circle diagram,” and the circle corresponds exactly to any of 
the circles shown in Fig, 2 of Mr. Carpenter's paper, except 
that accurate transmission line equations are used. 

The equations which have been published by the writer for 
drawing the diagram are as follows: 

Find E' + jE" = E ^ 1 + + ~L + e tc.) 


and R' + ]X' = (R + jX ) (1 + ^ + etc.) 

Describe a circle with center (a', b') and radius c', 
where a' = ^ ^ 


1000 R' 2 + X' 2 


kv-a. 


h , _ , E E'X' - E"R' . 

+ 1000 R' 2 + X' 2 kv ' a - 


and 


_ 


+ 


E 


E s 


kv-a. 


1000 ^/R’ 2 + x’ 2 

where E is th e receiver voltage, and E s the supply voltage. 

akiXmi /n ■*! «* . * -—-— - •_____.. 


D-prirfuf rl a » le w la ^ 10 - n f Con stant-Voltage Transmission Lines,” by H. B - 
mSf™ w k T Se Pt-< 1914, and “Constant-Voltage Trans¬ 
fers H ‘ B - pa ^ es 78 aad Wiley & Sons, Pub- 
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The equations for a' and b' show that the position of the 
center is independent of the supply voltage. The equation for 
c' shows that the radius is directly proportional to the supply 
voltage. Therefore, after one circle has been drawn corres¬ 
ponding to a certain supply voltage, a series of circles may easily 
be drawn about the same center, with radii proportional to 
the supply voltages which the circles represent. 

If the first equation is shortened, so as to omit the terms of 

YZ 

the series after -g-, and if the second equation is shortened 
so that 

R' + jX' = R +jX 

the results are exactly the same as those of the “split-condenser" 
method. The length of some of the lines of the diagram will 
be changed by one or two per cent. This error is appreciable, 
and while it may seem a small amount for practical work, 
there is no reason why this mathematical error should be in¬ 
corporated in a diagram which is drawn up to show the charac¬ 
teristics of a ^particular transmission line. It may be said 
that it is generally admitted that the “split-condenser" method 
is superseded by the complete hyperbolic theory, and that the 
small amount of additional work required for the latter method 
of calculation is worth while in any case where capacitance is 
worth considering at all. 

M. O. Hosier: In the ‘mechanical construction of the 
energy diagram the distance OE in Fig. 1 when applied to the 

E 2 

kv-a. scale of Fig. 2 is . 10 -3 and the distance of the supply 

TP JP 

voltage circle from 0, OF, is —10 -3 . The slope of the volt¬ 


age line OE, Fig. 1 across the energy diagram Fig. 2 is 

By keeping the line impedance Z constant and increasing 
the ratio of X to R, the power capacity of the line for a given 
E and E 0 is enormously increased when supplying power at 
a high or a leading power factor. When a line of this sort 
gets into trouble, the power factor drops to practically that of 

the line ^ ,■ and limits the effect of the disturbance by the ex¬ 
cessive voltage drop that occurs at such a low power factor. 

This point, which can be so clearly illustrated by means of 
this diagram, should be of importance when operating an 
inter-connected system of large power capacity. 



1232 


■PHASE MODIFIER 


J. A. Lighthipe: The operation is usually reversed. That 
is, you get a condenser, or you have a condenser, or you buy 
as large a one as you ean, and then figure back and see how much 
you can improve the line with this condenser. 

We are endeavoring to scatter our condensers as nearly to 
the center of our load as possible and we have something like 
five or six condensers scattered into various parts of our system. 
We have adopted for the small size, about 2000 kw., partly 
because it can be thrown on a line with a minimum amount 
of disturbance; in some cases we have put a second one at the 
same substation. 

The method of figuring just what effect your condenser will 
have is what we really need and want, but to figure out a 
certain size condenser for a given size transmission line which 
is loaded constantly throughout the year, why we usually 
work backwards, that is, get the condenser and then figure 
out what good it will do. Then, if necessary, we put another 

condenser a few miles away or sometimes in the same power 
house. 


. The old condenser method brings up the early days 
m the Spokane Coeur d'Alene transmission. There we had 
one of the first regulators. to hold the voltage constant at 
Spokane but up the other side of Coeur d'Alene in the mining 
section the regulation was poor. It was finally decided to 
put a, condenser up there with a regulator. This was brought 
out in the discussions at the IMonterey convention. 

We are using a great many of them on our system, although 
most of them are regulated by hand and not by general regu- 
lators, except our main substation at Eagle Rock. 

I have always figured in the rough’that to about every 10 000- 

n. p. induction motor we should install at least a 2000-kv-a 

condenser, as near as we could get to the load center and it 
is working out pretty well. center, ana it 

M ‘ Downin S= My experience has been that synchronous 
condensers are nearly always afterthoughts. They are nut in 
when voltage conditions force a change. The^are limited 
m .capacity and corrective effect and, therefore It l a cSe of 
doing the best with what you have. ’ case 01 

centrafnartl^thp USed °F 0U J system in the north 

predetermle nn h tw ! f f a nur ? ber of years. It is hard to 

because of a morfS W “ JU ? t Xa ; ctly what wil1 ha PP en 

the Iarge°number'of power instilled hewever^ 

such aatffwL ? he growth of the business has been 
iAowtWwS not been given an opportunity to show 
just how they would work under ideal conditions. 

rpfl'Jr A de 1 rton: 1 n °te in Mr. Downing's remark* Tip 

rnTb Thfe 

y true to a large extent on some systems, as for instance, 
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the one with which Mr. Downing is identified, since with the 
gradual growth of such a system and the increased radius of 
transmission, phase modifiers are installed as required. How¬ 
ever, this does not generally apply to phase modifiers. In 
most instances this apparatus is of such prime necessity as 
to be the determining factor in the economic possibility of a 
development. Phase modifiers modify the phase of the total 
load with respect to the generators without necessarily varying 
the amplitude of the voltage so that it becomes possible by 
their use to transmit power any distance with constant voltage 
at both ends of the line or at any point on a line. Such systems 
as the Big Creek and Great Western Power Company systems 
would be economically impossible without their use because 
of the impossible conditions of voltage regulation. 

You are all more or less familiar with the usual computations 
of a transmission line and I have no doubt you all try to use 
the simplest methods of obtaining the results. For prelimi¬ 
nary work I have found the so-called approximate method quite 
suitable. This consists of computations showing the various 
generator voltages required for given loads and constant re¬ 
ceiver volts. These are then shown as points on an ordinate 
of generator voltage, an assumed condenser kv-a. is then taken 
as abscissa, and for the same receiver volts a second point 
for the generator voltage obtained; plotted this gives the fa¬ 
miliar transmission line diagram. By reading off the diagram a 
suitable condition of generator and receiver volts with a given 
kv-a., condenser capacity may be selected. Since reading from 
a diagram usually involves some inaccuracy, the selection of 
the kv-a. condenser from these curves is perhaps not permis¬ 
sible. However, the condenser kv-a. may be obtained mathe¬ 
matically for each assumed load by a modification of the genera¬ 
tor voltage equation, the mathematics for which does not in¬ 
volve anything beyond the quadratic form. 

P. M. Downing: In explanation of my remarks, I might 
say that the lines I spoke of were those of the Pacific Gas and 
Electric Company, practically all of which are 150 miles and 
operated at 60,000 volts. Therefore we do not have the same 
condition to contend with that would be met on the higher 
voltage lines. 

Leslie F. Curtis : Professor Carpenter is to be thanked for 
bringing to our attention the fact that a graphical representa¬ 
tion of any computation is to be desired. Whether the method 
developed by Professor Carpenter or that suggested in the 
previous discussion is used, the graphical method shows the 
calculator a picture of what is taking place on his line. It, in 
any case, is useful in checking his computations. 

Professor Carpenter also notes that it is of advantage to 
include the transformers in calculating a line. I think that 
some of. us have not kept this in mind. The calculation of 
the line involves not only the conductors at the proper spacing, 
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but also the transformers and all of the apparatus connected 
thereto. 

J. F. Wilson: I might refer, briefly, to Mr. Dwight's dis¬ 
cussion. Mr. Dwight's transmission line formulas involve 
only simple arithmetical calculations which will, I think, give 
practically the same results as does Professor Carpenter's 
graphical method. 

Relative to the suggestion that Mr. Lighthipe made, about 
working backwards on the proposition, I think that is probably 
true, but as the application of the synchronous phase-modifier 
extends and becomes more accepted in its general application, 

I doubt if that proposition will hold because, as was brought 
ut here in the other discussions, it will certainly be advan- 
tageous, if not necessary, to determine before the line is built 
and put in operation what effect you are going to get from a 
given condenser,, or rather, what size condensers you are going 

to require to produce a given per cent regulation, or required 
power factor. 


H. L. Melvin (by letter): Several years ago the writer 

tn & fhp d n he ,-] U f 6 of . th ®. Perrine " Baum Chart and its adaptation 
^termination of synchronous phase-modifier per- 
ormance. Since that time I have had opportunity to use it 

SLtJfor 1 ^^™ d t- t0 i check itS " acy - R is sufficiently 
in operation. U practlcal P ur P° ses for transmission lines now 

madefoffline f nd constructed and once 

maae ior a line a vector picture of the oerformanpp of 

for any load is given at a glance. The chaS ^rrent rls4t 
andlfTandard ctoIs^^ 6 ° f t - he lin ? must be determined" 

with a (Fig. 2) as Center lf i &r - C f of circles be drawn 

kilovolt amperes and PR WLs^tbe'lSs f due°to 

cun-ent neglected). On the scale of Serafor f 

eluded, low-tension bus voltl**MP' UV traa ? fo ™ers are in¬ 
readings. When superimnnltfo- f^ V6n swl , tchboard voltmeter 
characteristic, the point where the syncbro:i ? ous condenser 
to the losses in the condensS mav & 1 • lu f loss is ec t aa l 
synchronous condenser cSihr L® dfcrmined. The use of 
provement of voltage regulaSor? Juf^ thlS point for the im ~ 
of transmission, if t transfome^ hi d f c r ease the efficiency 
condenser only (the load current not ^ 1? m ^ alled for the 
regulation and losses can be fficKded^tf mg tbrou S h >t) its 

tenstie curve (Fig. 4). When the mMimumtadTha^ie' 
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known the minimum synchronous condenser capacity required, 
operating lagging and leading, may be determined and also the 
proper voltage to be held at the generator. 

Practically all the information which the chart will give is 
needed in the analysis of the performance of a tr ansmissi on 
line and it is really a remarkable solution that will give the 
results accurately. 
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CALIFORNIA 220,000-VOLT — 1100-MILE — 1,500,000- 

KW. TRANSMISSION BUS 


BY R. W. SORENSEN, H. H. COX AND G. E. ARMSTRONG 


Abstract of Paper 

This paper summarizes the power resources of California and 
the probable loads to be supplied within the next six or seven 
years. For the purpose of economically distributing the neces¬ 
sary power and supplying the load, a long high-voltage transmis¬ 
sion line is proposed. As this line would interconnect a number 
of different companies, it assumes the nature of a bus bar. The 
authors show how the proposed line may link with some of the 
lines now in service and enumerate the advantages of such inter¬ 
connection. A comparison is made between the 240-mile Big 
Creek line now operating at 150,000 volts, 50 cycles, and the 
operation of this line at 220,000 volts, 60 cycles. Operating 
data on the Big Creek line are shown to indicate the character of 
the construction necessary for California conditions. Conclu¬ 
sions are drawn as to the particular features to be observed for 
successful operation of 220,000-volt lines. 


Introduction 

F^UELS, particularly oil, must soon be used for isolated power 
* only in places where electric power is not available, as 
in the propelling of air and ocean craft. In large power sys¬ 
tems, especially in the West, the use must be limited to standby 
service, for peak loads, low water periods, and other emergen¬ 
cies. 

Power Resources 

California has available ample hydroelectric power to supply 
the industrial and agricultural demand for many years. 

Small developments aggregating 325,000 kw. have been com¬ 
pleted and many others of this type are available. There are 
also four large projects as indicated in Table I. which can 
readily be developed to a capacity of 1,500,000 kw. in the near 
future. 

The data for the following tables of resources and loads, of 
the Northern part of the state, are taken from various reports 


1237 


SORENSEN, COX AND ARMSTRONG: 


1238 


[Sept. 18 


which have been published and no attempt has been made to 
verify them. 


TABLE I—LARGE POWER RESOURCES 


! 

Now Developed 
and Under 
Construction 

Proposed 

Developments 

1926 

Reasonable 
Future Develop¬ 
ment (Not Ulti¬ 
mate Capacity) 


kw. 

kw. 

kw. 

Pitt River. 

None 

200,000 

500,000 

Feather River. 

100,000 

200,000 

300,000 

Big Creek. 

100,000 

300,000 

500,000 

Colorado River. 

None 

. None 

200,000 

Total. 

200,000 

700,000 

1,500,000 


Total 1926 hydroelectric power development including’ small 
projects is 1,025,000 kw. 


Load Demajmd 

The best available information indicates a demand in 1926 
approximately as shown in Table II. 

■TABLE II. 

1. Sacramento Valley, northern portion. 7r . Ann , 

2. Tmckee River electrification. .. .. JJJ 1 '°°° kw ' 

3. Sacramento Valley, southern portion...\W . „ 

4. San Francisco Bay District. . 12o,U00 

5. Fresno District... . 250,000 “ 

8. Barstow and Needles Di<stmV+ .' ' ’ ' * ' ’ *. 300,000 “ 

t ncludmg railroad electrification. .. . 40,000 “ 

Making a total of. .. ‘ 

...1,040,000 “ 

ditionlltn hvrWV ^ l0a<1, ap P roximateI y 500,000 kw. ad- 
tional m hydroelectric capacity will be required 

nlied P ° We n SU ? aS Sh0Wn in Tdble 11 can be sup¬ 

plied most economically by power developed in largP Iw' 

Large power units require transmission lines of the highest 

possible economic voltage. e 

« 22o - oo ° 

l^OOO^tJ^of ^ Southern California *££ &£ 
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California Transmission Bus 

On this basis, a plan as shown on the map, Fig. 1, is proposed. 
I* 1 this plan the interconnection of all the California Power 
Companies has been assumed, as an economic necessity for 



Fig. 1—California 1100-Mile —220 Kilovolt—Transmission Bus 


its best utilization. Interconnections pf limited-capacity are 
not entirely satisfactory because they fail just at the time they 
are needed most to transfer from one system to another large 
of nnwer. 
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The plan of the proposed scheme involves the construction 
of a two-circuit transmission system extending from Pitt River 
to Los Angeles, a distance of 570 miles. Branch lines of like 
voltage connect the three other power projects and the San 
Francisco load center to this main line on which the other load 
centers are located. The main line thus becomes a high-tension 
bus extending nearly the entire length of the state, hence its 
name; California Transmission Bus. This arrangement makes 
possible unlimited interconnection and exchange between all 
the power companies of the state. 

Substations have been located at Marysville, Stockton, San 
Francisco, Fresno, Bakersfield and Los Angeles. These points 
are natural load centers and suitable points for connecting with 
the present power systems. On the Colorado River branch 
the construction of which is dependent upon the electrification 
of the transcontinental railroads, substations would probably 
be located at Barstow and Needles. The substations divide 
the lines into sections of suitable length for practical operation, 
he longest section being 150 miles, as shown in Table III. 


Pitt River to Marysville. .. 
Feather River to Marysville 

Marysville to Stockton. 

Stockton to San Francisco.. 

Stockton to Fresno. 

Big Creek to Fresno... 

Fresno to Bakersfield. 

Bakersfield to Los Angeles... 

Bakersfield to Barstow. 

Barstow to Needles. 

Needles to Colorado River. 
Colorado River to Phoenix.. 


TABLE III. 


. 150 miles 
. 60 “ 

. 90 « 

. 60 “ 

. 130 “ 

. 40 “ 

. 100 " 

. 100 " 

.110 " 

. 150 “ 

. 100 “ 

. 100 “ 


Pitt River to San Francisco. 

Big Creek to Los Angeles... . 300 miles 

Big Creek to San Francisco. . 240 

. •••• 230 « 

The Transmission Line 

haS b “ n assumed °» <*e 

1 ° 

shown in Table II, 70 pcr cent rTCLofTS of thc load as 

by the 60-cycle systems. Intere„ m «tiM°of ’"'I, 1 ? supplicd 
centers or power sources thmn^ „ tlon of such large load 

the exchange of power, is uneconomiST^lf• changers ’ limits 
dously the required operating vigfiance. mCreaSeS tremen ' 
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The practicability of the high-voltage line has been well 
demonstrated by over five years of remarkably successful opera¬ 
tion of the 150,000-volt lines of the Southern California Edison 
Company which, during this period have delivered from the 
Big Creek power houses over the 240-mile lines to the Los 
Angeles distribution system, 1,200,000,000 kw-hr. at an average 
efficiency of 87.5 per cent with a 45 per cent load factor. Dur¬ 
ing this period there have been no interruptions for which 
the high voltage is responsible, and on the contrary, the sys¬ 
tem has been free from disturbance and interruption to a 
greater degree than the lower voltage lines in the same locality. 

The present Big Creek lines can be operated at 220,000 volts, 
60 cycles, without material change and this is proposed as 
a link of the transmission bus, and its operation under these 
conditions will be analyzed and applied to conditions of the 
proposed system. 

Corona. As now operated, at 150,000 volts and 50 cycles, 
the voltage is only 80 per cent of the lowest critical voltage of 
any part of the line and there is no corona loss. At 220,000 
volts, 60 cycles, corona loss occurs to some extent on -the entire 
line but amounts to but 0.4 per cent of the line capacity during 
fair weather. With storm conditions over the entire line, and 
with an assumed reduction of 20 per cent in the critical voltage, 
the corona loss would be 8 per cent of the line capacity. This 
loss is not sufficient to make the line inoperative and would 
occur too rarely to be an economic factor. 

Insulation. The Big Creek 150,000-volt lines have nine 
units in each suspension string and two eleven-unit strings in 
parallelon dead ends. During the five and one-half years of 
operation only two insulator string failures have occurred. 
Both of these were during normal conditions of operation with¬ 
out any apparent cause, other than that of being in a location 
where the insulators have been found to have a relatively high 
rate of deterioration. 

The Big Creek line towers allow sufficient clearance to permit 
the lengthening of the nine unit suspension strings to eleven 
units, and to any desired number of units at dead ends. Table 
IV. shows safety factors for insulator strings, wet and dry. 

The Big Creek line operated at 220,000 volts is at the critical 
corona voltage and any disturbances resulting in a higher 
voltage will quickly expend their energy in producing corona 
loss, which will permit a smaller safety factor to be used. 
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The curves in Fig. 2, showing arc-over voltage as reproduced 
from Mr. Silver’s paper, Problems of 220-kv. Power Trans¬ 
mission, show no practical gain in dry arc-over voltage for 
strings of more than ten units, and with these facts in view it 
is proposed that for operating the Big Creek line at 220,000 
volts, suspension strings have eleven units and dead end strings 
12 units in series. Insulator testing crews have several times 
reported four and five defective units in a nine-unit suspension 
string, without any indication of trouble. The only apparent 
value of a longer string than that proposed would be a decreased 
probability of sufficient defective units in a string to cause break- 
down Developments of methods of grading insulator units 

and shielding insulator strings, will in all probability, materially 
change curves of Fig. 2 . 

Present day method of insulator testing-and maintenance 


TABLE IV. SAFETY FACTORS FOR INSULATOR STRINGS 


- 

Wet 

arc.-over 

Dry arc-over 


9 unit 
String 

11 unit 
String 

9 unit 
String 

11 unit 
String 

(S7 kv. to ground) 150 kv 

4.3 

* 

4.8 


(127 kv. to ground) 220 kv 

1 


3.7 

3.3 

3.4 


occurred on the Bk Cr T 1 faiiures which have 

These methods annlL to'S aS PreviousIy ^ntioned. 

and the use of thp hi the ^ operating at 220,000 volts 
insure successful operation 7568 ° mSulators now available will 

era^Lu^hronr lines « op¬ 

to regulate the voltage and as s enSerS at the receiving station 

rent, even at the standard 60-cycle freouen 66 h^ charging cur ’ 
of no great importance as Inner lit* Q 7 becomes a factor 
are connected to the line. ° hese synchronous condensers 

Without these condensers tUo u_ , 
furnished entirely by the generators CU1TCnt must be 

tors may become greatly overloaded and CaS6 the genera ~ 

duce a very high voltage over which ih f ^ T™ time pro ~ 
trol. To avoid this emero-encv q + be operator has no con- 

mergenc y a transmission line with its 
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generators, transformers, and synchronous condenser must be 
considered as a unit and as such should be securely coupled 
together electrically at all times. This has been proved prac- 
cal in the case of the Big Creek system in which it is possible 
to start the 15,000 kv-a. condensers and bring them up to 
speed with the generators. 

Line Capacity. The Big Creek lines as operated at 150,000 
volts with 30,000 kv-a. condenser capacity per line at the 
receiver end are each good for 57,500 kw. at 85 per cent power 

factor and will have under these conditions a line drop of 11 
per cent. 



Fig. 2 Typical 60-Cycle Arc-Over Characteristics of Suspension 

Insulators 

Operated at 220,000 volts these lines should each have a 
capacity of 125,000 kw. with an equal line drop when provided 
with the proper condenser capacity, which is approximately 
75 per cent of the line capacity in kilowatts. 

This is a fair indication of the conditions which will exist 
in the proposed system, the load centers of which are so dis¬ 
tributed as to limit the actual average distance of transmission 
to about 200 miles. The economic gain in doubling the capac¬ 
ity of lines which cost approximately $6,000,000, the present 
cost of which would be at least 30 per cent more, would more 
than offset the cost of all necessary changes, including the adop¬ 
tion of the standard frequency. 
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Mechanical. The type of construction used on the Big Creek 
line has proven entirely adequate for California conditions. 
There have been only three mechanical failures all of which 
occurred shortly after the line went into service and were all 
due to defective line hardware. In one case the failure was 
due to faulty design. This fault was entirely corrected by re¬ 
designing the cable clamp so as to grip the steel core independ¬ 
ently of the aluminum conductor. The other two were due to 
individual defects in parts. There have been no tower failures 
and no tower maintenance whatever has been required. Ap¬ 
proximately 20 per cent of the Big Creek line is subject to ice 
and snow conditions, parts of it reaching altitudes of 5000 feet. 
Similar conditions exist over practically the entire proposed 
220 , 000 -volt system. 

Operation. The most interesting feature of the operation of 
the Big Creek system is its reliability, which has been equal 
to that of steam plants of similar capacity located near load 
centers. Flashovers have caused only momentary interrup¬ 
tions and have in no case resulted in damage such as to prevent 
immediate resumption of service. During the greater part of 

the time the powerjhas^been carried over a single line for a 
large part of the distance. 


The operating history of the Big Creek system discloses no 
evidence of any trouble due to the high voltage of the system, 
and m addition has demonstrated that higher voltages may 
be used with equal or greater reliability. The Big Creek 
17,oG0 kv-a. generators have operated at 60 cycles satisfactorily 
and delivered full output at this frequency. 

JtlrJT !r itCh l ng and s y nchr °nizing has been car- 
, onsistently throughout the operation of the Big Creek 

SltTvstem° Ut -n r0Uble ’ + and Sh0Uld be possible on the 220,000- 

never foWd tlmeS ° f switching ’ sli ght discharges, 

Operating at onrn &Qy , energy current, occur on the arresters, 
upeiatmg at corona voltage rather than at 80 per cent of the 

without'SSJ “ a7 be P0S6iblC t0 abSOrb thcse disturbances 

. Complete parallel operation of all lines must be adhered tn 

fordropping^fe^iv^seet^^^fh^^ protective relay systems 
developed for f T? mth llttIe disturbance have been 
nenr fn Ko I t f parallel Emission lines and there an- 

Generators.° Curves of SgTg and^ 8 ^ 0 ^ Mgher voltages - 

s ot is ig S . 3 and 4 show generator and line 
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characteristics for 60-cycle, 220,000-volt systems. The full 
lines are the charging currents in amperes for different lengths 
of line plotted against per cent normal voltage. The broken 
lines are generator characteristics of various sizes of generators 
when connected to condensive loads with no field excitation. 
The point of intersection of the generator curves with the line 



AM p j CHARGING CURRENT IN LINE CONDUCTOR 0,96 IN. DIA. 17 V? FT. SPACING 
| GE NER AT0 R (REDUCED TO 220 KV.) NO FIELD EXCITATION, CONDENSIVE LOAD 

Fig. ^ Generator and Line Characteristics—60 Cycles—220,000- 
Volts—Generators with Short-Circuit Ratio 1.0 

charging current curve for any particular length of line deter¬ 
mines the voltage to which the generator will build up when 
connected to that length of line with no field excitation. Fig. 

3 is for generators with a short-circuit ratio of 1.0, while Fig. 

4 is for those with a ratio of 1.5. 

Fig. 3 shows that with 50,000 kv-a. of generating capacity 
connected to a line of 250 miles, the line can be charged without 
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losing control of the voltage with generators of this design. 
By having synchronous condensers connected to the line at 
the receiving station generators of this capacity will bring up 
any length of line necessary to the successful operation of the 
proposed system. These curves show that generators for such 
a system should be designed with the highest short-circuit ratio 
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Fig. 4 Generator and Line Characmkistics-60 Ctcles-220 000 
V 0LTS Generators w ITH Short-Circuit L™L5 
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Conclusions. Such a system as proposed is needed im¬ 
mediately; all engineering fundamentals essential to a solution 
of its problems are well understood and the Big Creek system 
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Fig. 5—Map of Western Transmission Lines 


can be used as a part of the project without material recon¬ 
struction. 

To supply this need, arrangements should be made without 
delay for a complete working out of all details of the proposed 
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system, as otherwise in the future it may be necessary to do 
a large amount of reconstruction to bring together individually- 
designed systems, which is never a wholly satisfactory pro- 
eedure. 


COMPARATIVE DATA 


Big Creek lines at 
150 kv. 


Aluminum steel cable 

Diameter. 

Circular mils. 

Weight per foot. 

Length of average span . 

II eight of towers without footings 

Suspension. 

Anchor.. > 

Stringing tension at SO deg. fahr. 

No ice allowance. 

Ice allowance. 

Maximum tension allowed . 

Insulator strings to carry load 

Suspension. 

Anchor. 


0.95 in. 
683,000 
0.75 lb. 
750 ft. 

43001b. 
6450 lb. 

4740 lb. 
3130 lb. 
8500 lb. 


220 kv. lines as 
proposed by Silver 


1.036 in. 
808,900 
0.941b. 

800 ft. 

9000 to 14,000 lbs. 
24,000 lb. 


17,300 lb. 


t ata reg ^g the BilTcW line refeTto the 
Trans. I 9 if Transmssion S y stem *>y Woodbury, A. I. E. E. 

rJf f ap ". F f: 5 f hows the existing transmission systems of 

and Ariz ° na ’ vaxring in voltage up to 

svstem° n ^ "" eS “ “* Sh °™ mfp oftte 


bvMr f pr “ iati “ 01 suggestionsmade 

' r ' A ‘ Bane whlch led to the preparation of this paper.. 
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Discussion on “California 220, OOQ-Volt— 1000-Mile— 
1,500,000-Kw. Transmission Bus/ 7 (Sorensen, Cox, 
Armstrong), Los Angeles, Cal., September, 20, 1919. 

Ralph Bennett : It is interesting to note that this paper can 
hardly be said to be in advance of actual construction since the 
lower half of the proposed line is already in operation in the 
Big Creek Line of the Southern California Edison, while the 
northern half of the transmission is under contemplation for 
immediate construction as the Pit River Line of the Pacific and 
Gas and Electric, and at the full contemplated voltage. 

Our gain in reliability in the construction of power trans¬ 
mitting devises is no better illustrated than in the advance be¬ 
tween the timid and temporary construction utilized in the 
latter 90 7 s, and the substantial, permanent and well developed 
methods now at hand. 

Yet it can hardly be said that there has been any considerable 
advance during this entire period in the abstract technical 
theory of the art. The change has been in the application of 
these abstract values to the concrete case of electrical trans¬ 
mission. This is well illustrated in the introduction as a 
matter of routine equipment of the use of synchronous con¬ 
densers on these modern lines where the use of such apparatus 
was considered to be entirely experimental ten years ago. 

It .is probable that the change in the status of the business 
from the period of the’latter 90 7 s to the present date is greater 
than the change in its technical features. It is no longer 
possible to consider the electric lighting plant as a private 
enterprise. It is today a public utility extending over one or 
many states, and serving more territory than the average rail¬ 
road system, and has come under state and Federal regulation 
more sharp and penetrating than the Government exercises 
over any other business. 

The introduction during the past two years of inter-ties 
between the various physical properties of the Western power 
companies has long been foreshadowed. The paper proposes 
that these ties, now of a temporary and insufficient character, 
be rendered a permanent portion of the systems. Many 
companies will be fed by a common net work just as many 
railroad companies feed across their transfers, loads derived from 
many sources and intended for terminals as diversified as their 
origin. Under the ruling under which railroads have operated 
for a generation they are compelled as a matter of public policy 
to give equal care to all property entrusted to them regardless 
of its origin or its destination. They have become common 
carriers and far from rebelling from this condition they con¬ 
sider it to be an essential portion of their success. 

The power business is rapidly developing all of the conditions 
which have surrounded railroad operation insofar as the inter¬ 
linking of numerous independent companies is concerned. 

It appears logical for conditions eventually so to shape them- 
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selves*that;,the .power company transmissions will become 
common carriers, not merely as the result of mutual agreements 
between existing monopolistic companies, but by action of law. 
As a result, any producer of power, however small, will be 
assured that his production will be received on the transmission 
net work, and that he will receive therefor a price fixed by a 

state regulating body on a basis of a fair return on his invest¬ 
ment. 

It is, I think, obvious to anyone acquainted with the present 
power situation that this would result in the construction of 
numerous small plants capable of introducing a fair amount of 

power as an incidental to the handling of water, natural gas oil 
or other power sources. ' ' 

There are numerous cases within the knowledge of everv 
engineer m this vicinity where considerable blocks of power 
could be produced on a schedule which would not permit of sale 
net - w . ork > e ^en if such sale were permitted by the 
W Jut where the production cost of the power 

advintflL ^f T,n h S u he P0We J £ ould be Produced to great 
t could be successfully wholesaled to a net work 

aw ? absorbmg lt - re g a rdless of its fluctuations. 

capable of mnTelnf system , in the state Possesses drops 
power ” P d g a more or less considerable amount of 

^°f bined irrigation and power projects 

develop a market tor not po ' sslble in the Past to 

necZSiSation?nnld < Tf ’ a f h ° Ugh the P ower in con- 
On the north P r °duced at a very low figure. 

power as a by-product from^nl ther , e are sources of 
coal mines Ivmv undeLwiiT d workmg Piants; there are 

located with reference to a rail haul markeWn thetfi^ fav ? rably 

such that they ctnnl bp tn ket d f?, ands ,°. r are in a location 
markets, yet they could be 7 dehvered to distant 

which could be readilv handled ° f | arge a ™°. unts of Power 
It is unnecessary andDerhliwt f trans “ lssl on bus. 

Paper to go into detail on theseSterns ^ the pu3 £ ose of tbe 
m the same connection T be one other matter 

electrification has been much diV.fi= °I mtere st. Railroad 
been to an extent held back hv the d ° f rec€ V years but has 
involved in the extremely irresidn7? ry c ° nsider able problem 
occur on most of the western roSds ° f P ° Wer which wil1 

makes a load so undesirable a^torend^ rtf al tra nsmission this 
mally high. Die as to render the power rate abnor- 

one or two mill?on°kibwatts C the2 1 fl5ct P T er system handling 

Iarly supplied by the excess capaefty oftwTw^ be regU ' 
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The problems of engineering, of finance and of political 
expediency involved in the changes now taking place in the 
relations of the power companies to each other,' and to the 
public, are too great to even touch in this discussion. 

P. D. Jennings: . This paper is especially valuable at this 
time owing to the rapid advance of fuel prices and the necessity 
for the conservation of coal and oil for the essential industries 
that can not avail themselves of hydroelectric central station 
energy. 

I believe, as this paper slightly implies, that this high-tension 
bus scheme could economically be carried out to include all of 
the great hydroelectric developments west of the Mis si s si ppi 
River. Of course it is not supposed that there would be an 
exchange of energy, say, between eastern Montana and 
southern California, but it is a fact that power plants on this 
bus line would have the great advantage of the diversity of 
load demanded, by substations, at the load centers along the 
line. 

The two important considerations to be given, of course, are 
its operation and financing. It would appear to me that the 
operation of such a bus net work would require a unified 
control; and that the load dispatching work would have to be 
divided up into districts, or regions, which in turn would be 
responsible to an operating board of control composed of 
regional operating directors. This method of operation, of 
course, would require a unit scheme of financing. The probable 
formation of a holding company whose stock would be pur¬ 
chased and allocated by some equitable plan among all of the 
great generating systems interested. 

Of course such a scheme would probably have many very 
serious disadvantages, from the individual standpoint of some 
of the companies involved, as well as some of the Public Service 
Commissions. 

But these difficulties I do not believe would be insurmount¬ 
able owing to the fact that both the public and the companies 
would be materially benefited by helping to reduce the rapidly 
increasing operating costs. 

C. O. Poole: To my mind this proposed plan is one of the 
most important projects presented to the engineering profes¬ 
sion from a conservation point of view. I have been, for years, 
a firm believer in this scheme and can see many advantages that 
will accrue from it, such as making possible comparatively 
small hydroelectric developments that will be in reach of the 
proposed bus, that would otherwise be too remote or without 
market for the output; or there may be streams suitable for 
power development that do not have storage facilities to equal¬ 
ize the flow throughout the year, in which event it would neces¬ 
sitate a steam plant in order to carry the load during the 
non-run-off periods. Under such conditions the investment to 
make this development might not be justified to supply an 
individual system, while with the proposed bus such a develop- 
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ment might be advantageously made, simply utilizing the 
output of the stream while the run-off period is on. This same 
condition might apply also to irrigation systems where there 
are drops in the canals and water supply streams. 

One of the principle advantages of connecting all generating 
and distributing systems to such a bus would be the improve¬ 
ment of the load factor conditions by diversity of both the 
generating capacities and the demands of the many diversified 
conditions of the different systems. For this same reason there 
would be less necessity for over-installation on water power 
generating systems, thereby. very materially decreasing the 
spare unit investment and with its consequent les^ over head 
expense and reduction in cost for generation. From recent 
statistics the average yearly load factor of electric systems in 
the United States is only 30 per cent, and, while California's 
load factor is materially better than this, it is subject to much 
improvement. 


As pointed out by the authors of the paper, and as theoreti- 
se ^ forth by Mr. Silver's paper in this volume, pag;e 
10o7, the voltage proposed is not an impossible one to operate, 
but simply a matter of insulation and clearances. From 
a transmission point of view. I might suggest, however, 
vT eleven units in the insulator string, as suggested 

. ^ i ® authors, might be somewhat inadequate for the 
insulation of the new line unless insulators of a more reliable 
nature can be obtained than have been made use of in the past. 
n1s subject, the experiments cited in Mr. Silver's paper 

irfUrtt arc -°Y| r and wet arc-over tests, are of unusual 
KJ,} would se /“ tha t the line insulation should be 
SffJ nffr. the -?? ve °t the wet arc-over, rather than , of the 

Hon L TirL J 3ndltl0ns > “asmuch as the real test of the insula¬ 
tion is dunng storm and fog conditions, and, while from the 

curve mentioned the eleven insulators in the strine mid!t 

pfenTy of ° f rt e dry arc ' over curve, yet there is 

the St f,ifvfS ton adding more units in the string when 

of such an E lINI CUrVe 18 cons i de i'ed. The operation 
laro-pr fan-hn as Proposed should carry with it 

S* °Sl°L Saf fS “T a ” dividual system might eco- 
svSLhi,?'™ J*«fore, extra insulation in such a 
* Wi»i m 7 estimation, fully justified. 

special mteiest is attached to the probable conditinne: nf 
corona loss upon this proposed line. I have been of the Sion 

of thTtransmission 1 s™tem of ^ S ° to 1 pro P° rtion sections 
ona losSE ^S n 0 /t- he . hl fh er -voltages that, the cor- 
over-voltao-es from fm f dlssl Patmg energy in the event of 
would seem that tho L?®’ anc } in the P^sent instance it 

event of an \ 7hAX° aCheS this conditi on. In the 

sipated to such sur fe> energy would be dis- 

rise in voltage and the?eW l end j° hold down the 

to the svstem I think u ] d a benefit and protection 
‘ 1 tlimk thls a Mature that should be very 
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carefully considered and experiments conducted beforehand to 
determine to what extent the corona loss could be utilized for 
the purpose mentioned. 

Aside from the purely engineering conditions involved in 
such an undertaking there is another feature, to my mind quite 
as important as the strictly technical side of the situation, and 
that is the method of handling the different companies’ input to 
the bus and the output from the bus. With a dozen or more 
companies taking from and feeding to such a system, many 
problems are involved that would have to be satisfactorily 
worked out, both as to the protection of individual syste ms 
from overload conditions, and also protection of the bus from 
service interruption. These features are engineering problems 
that can doubtless be worked out by a comprehensive system 
of relay switches. Probably a still more difficult situation is 
involved in the method of measurement of the current to and 
from the different companies. This last question also involves 
the ownership of the transmission bus, as to whether all the 
distributing companies would have ownership in the bus pro¬ 
portional to the capacities of their plants, or whether each 
should have ownership in the bus proportional to the kilowatt 
hours used by the different companies, and each company 
share its proportion of maintenance and overhead costs of the 
system, or whether an independent company should own the 
bus, this independent company being composed of the con¬ 
tributing companies and each of the contributing companies 
sharing in the ownership of the bus proportional to the sizes of 
their plants, or as to their proportional use of the bus. These 
are all much involved questions the solution of which, it seems, 
should rest jointly between the engineers, the commercial 
department and the financiers of the institutions involved. 
Personally I have not, so far, worked out any practical solution 
to this problem. 

To my mind this proposed transmission bus should not be 
treated as'some mythical thing to be considered in the far 
distant future, but as something that is now needed, and im¬ 
mediate consideration should be given to working out of all 
details involved in carrying the project to a successful issue. 

J. D. Ross : There seems to be no reason why 220,000 volts 
should not be used commercially,-providing the proper syn¬ 
chronous apparatus controls the voltage and providing the 
insulation has a good factor of safety. The cost of such long 
lines will, of course, be commercially feasible only where there 
are large quantities of power to justify the expense. It is 
probable .that before many years this voltage will be consider¬ 
ably exceeded and will be considered moderate. 

The city of Seattle is at present embarking on an enterprise 
on the Skagit River one hundred miles distant from the city. 
On a 50 per cent load factor, there will ultimately be developed 
at this point one-half million horse power. On account of this 
very large quantity of power, it is desired to limit the number 
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of lines as far as possible by using high voltage and for this 
reason six lines are intended and the voltage will be 160,000. 
Had the distance been two or three times as great, 220,000 

volts might reasonably have been used. 

Three of the coast cities besides Seattle own their own 
electric power systems; Los Angeles, Pasadena and Tacoma. 

Some years ago I spoke to the men in charge of these systems 
of the hope that some day there would be a high-voltage line 
paralleling the coast which would allow one city to help the 
other but at that time the voltages possible were not adequate. 
From Seattle to Los Angeles is about 1500 miles and it is a 
notable fact that the line at present under discussion is 1100 
miles in length. Such a line along the coast would be a benefit 
to many of the smaller towns especially, and could be partici¬ 
pated in by companies and municipalities alike. Of course, 
probably no city or combination of cities would attempt such 
a line but the best and largest water powers are rapidly being 
used up and when it comes later to the proper conservation of 
all such resources, no doubt the states affected will take a hand 
and interconnection between states would make such a line an 
actual fact. One of the great troubles which prevents inter¬ 
connection of systems at the present time is the dissimilarity 
of voltage and phase relation and one of the greatest works 
that the Institute could do would be to bring about a better 
standardization of voltages. 

Leslie F. Curtis: Dr. Magnusson, in the November 15, 
1918 issue of the Journal of Electricity , considered some of the 
phases of a similar type of bus for the state of Washington. 
He selected the state of Washington because he happened to 
be familiar with conditions there. 

The principal points brought out by Dr. Magnusson in his 
paper are advantages to be obtained by the Federal regulation 
of such a bus system. I am not prepared to advocate either 
Federal or private control. I will simply refer you to his paper. 

J. B. Fisken: Professor Curtis has brought out the point 
that I wanted brought out. Dr. Magnusson advocates a 
Federally owned bus and I think there are numerous objections 
to such a scheme. There would be difficulty connected with the 
utilities working on a Federally owned bus. 

H. A. Barre: On this general matter of government con¬ 
trol, I think the big question, or the big trouble, with govern¬ 
ment ownership in that sort of thing is that you don't want the 
umpire to play on either of the teams. If the government 
would get out of the way and let us do the job, we can do it. 

We are coming more and more to recognize the fact that 
neither the government, or companies, or financiers, or any 
other element, will have much to say about the develop¬ 
ment of this project. The development will be according to 
the natural economic laws which are as unalterable as the 
multiplication tables. Improper financing, improper engineer¬ 
ing and improper relations between the companies and the 
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public, and the public and the organizations of the companies, 
can gum up the whole game;, they can delay it; they can inter¬ 
fere with it, but they can no more stop the building of it than 
the building of a dam across a river can stop the water for there 
comes a time when it does run over. 

I do not think that this is a good time to sell the United 
States short. I think there is enough common horse sense in 
the United States and enough economic pressure for the carry¬ 
ing out of such schemes and we will get the proper answer in 
spite of all these things that are trying to interfere.. 

I object to the paper as a whole because I do not like such an 
arrangement. I do not think we should worry about a 1100 
mile bus in California. I think when this thing does come it 
will come very quickly. It is going to be tied in with the 
Colorado power for a starter; then south through New Mexico 
to Albuquerque, Needles, Bakersfield, Mount Shasta, and 
wind up, as has been said, in Butte. 

The great part of the work is done.. There are already a 
great many interconnections. Those interconnections have 
been the means .of a great economic saving in the past two 
years. Just in our little corner of the job, the San Joaquin 
Valley would have been absolutely shut down this year if it 
had not been possible for an arrangement to be made between 
the Edison, the San Joaquin, the Mt. Whitney, the San Diego 
and the Southern Sierras Companies. It is not very far from 
being shut down now as far as the shortage of power is con¬ 
cerned, but the job is still running and the amount of inter¬ 
ference to service has been extremely small, that is true in 
spite of the fact that it was necessary to buy current from San 
Diego. One of the great stumbling blocks, of course, is the 
50-cycle system in the middle of a big 60-cycle territory. . 

The French government has done a very intelligent thing. 
They have standardized the whole country at 50 cycles and 
standardized the voltages in multiples of the square root of 3, 
as high as anybody wants to go. I do not think anybody 
would want to go higher than the 110,000 or 120,000 volts at 
the present time. 

That is a line along which we could follow to some advantage 
throughout the United States through the action of the Insti¬ 
tute. 

Such a line is not going to be difficult to operate.. It will be 
broken up into regions, as has been suggested, in which a group 
of plants will supply a group of territories, or a group of loads, 
and means provided for an interconnection between those 

groups. . _ 

The control of the voltage is one of the most serious troubles 
and that is going to come through an extension of our work with 
synchronous condensers, without any question. The real 
instructive thing that has come out of this interchange is the 
fact that it has been possible for companies whose interests 
were to a very considerable extent antagonistic to get together 
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on a broad enough basis to help out each other with their 
troubles and not try to take all the money the other fellow has 
when they do it. 

L. M. Klauber; I do not know how it should be done, but 
I hope it will be done soon. 

I think that one point that Mr. Barre brought out is of 
considerable interest; this is that all of these things will be 
easier to do after they are done. They work themselves out 
beautifully. A lot of the problems that have been causing us 
sleepless nights (I refer to problems not of engineering but of 
operation and management) have really eliminated themselves. 
We sometimes wake up in the morning and find that the solu¬ 
tions which have bothered us for six months have already been 
accomplished and that the difficulties which worried us have 
failed to materialize when the time came. 

You probably noticed a brief editorial in a recent copy of the 
Journal of Electricity , wherein it was stated that when the 
Pacific Fleet came into San Diego Bay, the Crane Valley 
reservoir of the San Joaquin Light and Power Company, 
distant many hundreds of miles and three companies from 
San Diego, had to be drawn on for an extra amount of energy. 
This, of course, is an interesting proposition. It would be 
somewhat more interesting, if true, which was not the case. 
As a matter of fact the shortage on that particular day was 
due to a defective condenser. 

I think that the transmission bus, when the time comes, will 
work itself out without the difficulties in financing, in operation 
and in government supervision, which now appear almost 
insurmountable. 

J. A. Lighthipe: I think Mr. Barre is perfectly right when 
he made the statement that while we are struggling and talking 
about this proposed bus, we will have it. Nothing is improb¬ 
able and these great projects simply spring up when the need is 


* ^ e j=F e at problem of this business is not only the diversity 
oi the distribution, it is the great diversity of the supply. Our 
water sheds in California are very erratic and diversified. That 
problem within itself is a great one. 

We have Railroad Commissioners who do not interfere with 

tiJ h Q e f y ? at ^ he ^ ack and tel1 us t0 2° ahead - As long 
p °1 Ca ] lf ° rnia has a Public Service Commission, 
Wri ^he-Railroad Commissioners, with a modern man at the 
Tt fchls “ a f t ® r . of public control is not going to bother us. 

thinVtn t^iL Utl tr thmg to J alk Socialism and it is a beautiful 
A “f „ to i a ! k P^ 110 ownership but it does not get us anywhere. 

nerve will get hold of these projects and bring 

the Wfit P n^f. Utl0n - 7N State of California has reaped 
tinuetodo so^ 6 pioneers of the P° wer situation and will con- 

in'ooo qu ?f tl0n of v °ltage is an interesting one. When we had 
10,000 volts we were afraid of it; we never dreamed of Inch a 
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thing in our lives. When Southern California sprung to 
33,000 volts even the manufacturers of apparatus shook their 
heads with uncertainty. I remember a man, in the early days 
who stated that 50,000 volts would be the ultimate we could 
hope for. That statement was made in the days when we 
knew nothing about all these modern troubles and the talk 
about a 50,000 voltage was thought impossible. However, we 
kept creeping up until we reached 60,000 volts and then 
150,000 volts. We have also learned that the higher the volt¬ 
age the less trouble we have. That is probably due to the 
fact that the engineers on the job have worked more thoroughly; 
that is, we know what we are running into and we build to 
meet that condition. 

The future of the state is so great, where the price of oil used 
is ever increasing; where every bit of power in this state should 
be developed; where this power should be used and where we 
should start a campaign of conservation on what we have in 
the state. 

P. M. Downing : It is very interesting to look at a map and 
see a 1500-mile bus extending from somewhere in British Colum¬ 
bia or the Northern part of Washington down to the Southern 
part of California or into Arizona, and from an engineering 
viewpoint we are able to convince ourselves that the problem is 
not one impossible of solution. In my opinion the real problem 
is not one of engineering but rather one of economics. There is 
no doubt but what in time the generation of power by the use 
of oil must be superseded almost entirely by water, and yet, at 
the same time, I do not know of any one particular state or 
district on this Coast that is going to have a sufficient surplus 
of hydro power to justify a high-voltage bus such as for trans¬ 
mitting energy from one state to another or from the system of 
one operating company to the system of another. There is no 
doubt in my mind but what in a very short time we will see 
lines operating at voltages as high or even higher than 220,000, 
but there is an economic limit to the distance that power can 
be transmitted. There is potential water power all along this 
coast from Alaska to Mexico that can be developed to meet the 
local demands. I look for a more general standardization of 
voltages and frequencies on the systems of the various operating 
companies and a more general interconnection of the various 
systems. If these interconnections can be looked upon as 
forming a bus, I feel that in time we may reasonably expect it 
to become a reality, but, obviously, interconnections of greater 
capacity that are necessary to carry the limited amount of 
energy that will be interchanged, cannot be justified. 

When I say that the engineering problems can be more readily 
overcome than the commercial or economic ones I have in 
mind, particularly, an arrangement that was made a year or 
two ago between three of the companies in the northern part of 
the State of California. Those systems were tied together-as 
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a matter of economy and for the utilization of surplus power 
available. 

When that tie-in was proposed it took the engineers but a 
short time to work out the engineering problems involved. It 
happened, however, that I also had something to do with 
drafting the final contract. It took us about three months to 
get the commercial details worked out. If there had been a 
larger number of companies involved, the problem would have 
been a correspondingly more difficult one. The physical or 
engineering details are simple, and can be taken care of very 
readily. So I say the whole problem is an economic one. Can 
any company, or any number of companies, or the State or 
Federal Government, afford to generate power up in the ex¬ 
treme northern part of this State and transmit it down to 
San Diego, when there is power nearer San Diego than that in 
the north? I do not look for a bus of great capacity to be built 
m the immediate future, except such as might result from the 
normal interconnection of lines of companies operating in 
contiguous territory. Negotiations are now under way looking 
for a connection between the lines of th.e Pacific Gas & Elec. 
Go. and those of the San Joaquin Light & Power Corporation, 
this connection will be made within a comparatively short 
tame and when completed will give a connection from Oregon to 
pan Diego. This connection is of limited capacity but is serv¬ 
ing every purpose and in view of the amount of power that is 
available, a line of greater capacity cannot be justified. Inter¬ 
connections between the various systems are very desirable and 
will continue to be made at whatever voltages the systems may 
operate, but until there is an apparent necessity for a bus I 
mk we may reasonably conclude that the necessary capital 
to construct one will not be forthcoming. 

has raised a question as to the 
f .^ ls h^.hne.. Personally, I think he is right 
SOlve lt f 5 f m ? he interconnection of different 

Ido I t an I f eat t T? nsfer of P° wer over lon g distances. 
San £2go ^ t0 366 the power from Spokane utilized in 

M?K°n“S ten’m iiiwThly do tSSatap 

had s 

It happened that I was connected with one of the rWe™ 

SoX a fS%ln^ ad - t0 t With t?e P°wer situatioTfn 
fant that tiic ennsylyarna. We were confronted with the 
fact that there was a distinct shortage of power in our district! 
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not only a shortage of coal but also a shortage of generating 
capacity in our public service power plants. This meant that 
every pound of coal burned had to be burned at maximum 
efficiency and every generating plant operated at maximum 
capacity in order to secure the power necessary for the operation 
of our war industries. 

The natural solution seemed to be a combination of the 
resources of the power companies operating in the district by 
tie-in connections which would render available their full 
generating capacity which then could be distributed to the 
various industries irrespective of their location. With this in 
view a conference was called and I found the power companies 
very willing to discuss the problem but without available funds 
with which to practically effect a tie-in. They were operating at 
from 25 to 60 cycles transmitting voltages from two thousand 
to sixty thousand so that the cost of installing frequency 
changers and transformers was considerable. The Govern¬ 
ment was prepared to spend unlimited millions in other direc¬ 
tions but, while recognizing that power was essential to pro¬ 
duction, refused to appropriate any funds for the purpose of 
tying together the power plants of this district. We found 
ourselves in the usual position of a war-time bureau with author¬ 
ity to commandeer a tie-in but no authority to expend money 
for it or to compel the companies to spend money. 

As a solution we had introduced into Congress a bill appropri¬ 
ating two hundred millions of dollars for the purpose of con¬ 
structing power stations located at the mine mouth and erecting 
transmission lines to serve the district from Washington to 
New York. This bill failed of passage and, in view of the fact 
that it would probably have resulted in federal ownership and 
operation, I am not particularly sorry, for few of us in the East 
look with favor upon government ownership. The net result, 
however, has been to stimulate interest in power generation 
at the mine mouth in stations equipped with large units and 
transmitting over a very considerable radius. You are 
fortunate in having available water powers which are almost 
totally absent in Eastern Pennsylvania but we have as partial 
compensation large deposits of fuel coal of excellent quality. 

Some experiments have been made and the results so far 
achieved have been exceedingly satisfactory, particularly in 
localities where there were a considerable number of small 
public service or municipal plants, and it bids fair to be a 
solution of the old municipal plant problem. It happens that 
back in the early days of electric lighting there was quite a 
mania for municipal ownership of lighting plants and almost 
all of them have fallen into sorry condition. In order to con¬ 
struct the plants the town would be bonded and no provision 
made for a sinking fund. They are, therefore, now in the 
position where they have an obsolete plant with a bond issue 
against it and no funds for the redemption of the bonds or for 
the reconstruction of the plant. I have in mind one. such 
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plant in Southern Ohio where the municipality was generating 
at a cost of from nine to twelve cents and selling at four and 
there are many more like it. They had no money with which 
to modernize their plant and even if they had the load was not 
sufficient to bring their generating cost down to a point where 
they could sell at a profit. The solution was found by estab¬ 
lishing a generating plant at a mine not far distant and furnish¬ 
ing power to this town as one of its customers at a price which 
enabled them to sell to their citizens at a profit by transforming 
their generating station into a substation. 

I firmly believe the time will come when all power in my 
district will be generated at the mine mouth, the various plants 
being tied in together on a common bus and distributed to 
various substations. You on the Pacific Coast have the 
advantage of water power and I think your plan most admirable. 
Even the discussion has been, typical for when I came in the 
room the length of the transmission line was given at 570 miles 
and has now grown to 1500. miles but even the latter figure 
does not seem unreasonable in view of the existing situation, 
it is not, to my mind, the question of whether you have local 
power enough to meet the demands of each locality or whether 
you c°uld. expand your plants so as to secure it. It is the 
ability to interchange power, supply deficiencies and take care 
oi break downs which is so very valuable. There have been 
many cases m the East where one large generator would go out 

H 1 jl c se ^7 lc ^ pl an f which meant a shortage of power and 
ignt in that district which shortage could have been cared for 
aa it been possible to tie-in with other power companies 

operating m the immediate neighborhood. 

_„J' d °^ S me S> at ^e plan here proposed presents 

• Z serious^.difficulties.. The project naturally divides itself 
Sy^i^ ra t lon , transmission and distribution. The various 

sel1 their power to the transmission 
* w mch m turn wou d sell to the distributing com- 
™ proportion to their demand. While there are some 

one of finance^ emS ^ t0 ^ solve< ^ Principal problem is 

Relative to the operating end, I will state that in the East 

1 d ° Pted a System of parallel transmis- 
nole lin?hnt A mm^ U f e W V d<? no ? mn two or ™re circuits on one 
half I mi° n se P aratel y located pole lines 
from practlse has tended to save us 

circuits? g °ubles and break downs in the transmission 

line *of!pranorntL* ^ T J iave been thinking of this paper along the 

the interconnections \ a ?P^ a l s to me as practically suggesting 
me. interconnections which saved us a great deal chivincr -Kh$ 

period of the war. Tf 4-4 vs™ J ^ 
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The diversity factor which has been touched on by Mr. 
Lighthipe is the keystone of the light and power business. 
Without diversity we all would be in some other line of business 
because there would be no money in the power business under 
present conditions and circumstances of operation. There 
would be the gathering up of the crumbs, as it were, of the 
tieing in the plants that have water during some seasons of the 
year and none at others, enabling storage to be made, and all 
the other ways that would tend to mutually help out in times 
of stress. 

I do not think of this paper as applying to the Pacific Coast 
particularly, but I am thinking of what Mr. Stevens touched 
on in the East during the war. The fact that the great coal 
mines lie close to the seaboard, would have made it a wonderful 
thing to have had the advantage of tying-in during the war. 
Why haul the coal and cinders and ashes to the seaboard and 
then cart them out of the city after making the buildings 
black, creating a lot of dirt producing and inefficient steam 
plants? 

I think this principle was recognized ten or twelve years ago, 
or longer, but there are a great many things that enter into the 
problem, one of which has been touched on here and on which, 
I think, the Chairman invited discussion—government owner¬ 
ship and regulation. 

It seems to me that it cannot be accomplished without 
regulation. Mr. Barre says that they try to rob one another 
and that they must have an umpire to prevent that kind of 
thing. The fellow who is able to take advantage, or figure the 
closest, will get the better of the other, figuratively speaking. 

Now, to deny that the government has not the ability to even 
generate this power and deliver it to the distributor, or regulate 
it, is to deny that we are capable of efficiently living under 
democracy. Our government is supposed to be a democracy; 
therefore, if you cannot solve a problem by and for the people 
of this character, then we need a boss; we need somebody who 
will crack the whip over us and make us perform efficient 
service. 

I am not one that believes that we are not capable of doing 
these things; I know we are. Some of the obstacles are the 
opposition of those who are entrenched. We may have stock 
in companies that have the water power cites, and we want 
more; we can make more money than if “we let the government 
own it and run it for the people. Consequently, we as engi¬ 
neers are working for that side of the house and we naturally 
are opposed to government ownership and even regula¬ 
tion. But, some of the wiser heads, such as Mr. Phillip 
Cabot who wrote an excellent paper recently published 
in the Electrical World, recognizes that government regulation 
is here to stay and that even government ownership is coming on 
certain things. The water power belongs to all of the people; 
so does the coal. Somebody happened to see it first and, there- 
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fore, the coal is in the hands of private interests, yet the eco¬ 
nomic life of the country depends up on coal. Now, all monopo¬ 
lies should be controlled, or rather owned by the government. 

I am not a Socialist, however; I am not making apologies 
for I believe in what I say. I believe that the water power of 
this country must be conserved or passed mto the hands of 
private interests the same as the coal mines, and without 
regulation and proper control, the people of the state or of the 
various states, might not get the benefit. We must have 
regulation for the purpose of interchanging power between the 
states. It cannot be done without it. 

When it came to winning the war we had to work as a govern¬ 
ment, all pulling together for the same thing. Now, in these 
problems we have to do the same thing and we might just as 
well face the problem in that way. 

J. F. Stevens: The last speaker has touched upon the 
question of government ownership and I want to give you one 
example of the efficiency of government ownership in this 
line—something with which the Institute was very closely 
associated. 

Just about the time of our entrance into the war, the Insti¬ 
tute, seeing the seriousness of the power situation and recogniz¬ 
ing that the defense of New York from attack by sea rested in 
Governors Island, called General Leonard Wood, then in 
command of the Island, into conference on the subject. We 
called attention to the fact that the Island was dependent upon 
the operation of its own power plant, government owned and 
operated, without which it would be impossible to use the 
search lights, ammunition hoists or even aim or fire the big 
guns, and that the failure of the plant, either through the act 
of an enemy or by accident, would leave New York defenseless 
from attack. 

. General Wood acknowledged that our statement of the 
situation was correct and asked for our solution. We told him 
we had a large amount of power In and around New York 
which we were prepared to tie together and deliver to him on 
Governors Island through submarine cables for use as an 
auxiliary to or a substitute for the Island plant. His reply 
was that the government had no appropriation with which to 
pay for such service. We then offered to raise the money 
necessary to pay for the tie lines and to buy and lay the cable. 
Then, to our surprise" he told us there was a regulation which 
prevented the landing of a cable for any purpose whatsoever on 
such a government reservation as Governors Island and that 
it would require an act of Congress to enable the Army to take 
advantage of our generous offer. Such an act was introduced 
mto Congress but never has been passed. From this you can 
see the sort of efficiency we may expect from government 
ownership of utilities. 

T « i i TT "1 * i : Mr. Koiner said lie was not a Socialist. 
1 want to tell him that we all are. I want to say that when we 
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want anything done in a hurry we always have to do it our¬ 
selves. I want to tell Mr. Koiner that the money he has 
accumulated during his lifetime does not belong to him—it 
belongs to Uncle Sam, and when he dies it goes to the govern¬ 
ment. Of course, the government does not want to take it all; 
it allows him some to will to his wife and children and the part 
the government gets is called inheritance tax. 

I suppose Mr Koiner thinks he owns the money his 'em- 
ployers pay to him. He does not do anything of the sort."* Of 
course he uses some of it, but the government takes the rest 
and it is called Income Tax. 

Now, this would be a wonderful thing to develop these water 
resources. It ought to be done as an economic measure, but 
Uncle Sam has not got any money and how are we going to 
solve the problem? The government will do this: We will 
let the individual people‘invest their money in a Public Utility 
Corporation, but we are not going to let them run it and bam¬ 
boozle the country. What we are going to do is to put our 
own directors in there and tell them how their money is going 
to be spent; tell them just how much money they can borrow 
and criticize their method of construction. We are going to 
tell them how great dividends they are to pay. We call that 
the Railroad Commission. 

That is just what we are running into. If we are going to 
have any public enterprise in this country, we are not going to 
have Uncle Sam start it because he is a little too slow. We are 
going to have the individual enterprising pioneers of this 
country develop all this power and we are going to have the 
Railroad Commissioners regulate our rates, etc. This will be 
done because, although Uncle Sam has not the money to do it, 
and is never ready to give it to us, he will tell us to put our 
money in and he will see that it is handled properly and that 
we get a good interest on the investment. But there will be 
no watered stock and no high financing. Consequently, every 
move we make, whether it be the purchase of something; or 
the installation of a new steam plant; or the installation of 
various water powers, we make our plans and submit them to 
the Railroad Commission. They figure out whether we really 
need this plant, whether the cost would be excessive, and then 
tell us to go ahead. You then have the endorsement of the 
Railroad Commission. 

Mr. Koiner stated that this thing can not go on without 
some control. I say we are under control. We cannot make 
a move in this state without the sanction of our Railroad Com¬ 
missioners and we are fortunate to have a very liberal set of 
men at the head of that Commission. We welcome this 
regulation because we are infinitely better off than some of the 
other cities that own their plants, because we keep our books in 
a certain way, as they tell us to; we have a sinking fund, which 
is lacking in some of our city plants and we are allowed a 
depreciation which is properly agreed upon. In other words 
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the whole thing is run by the Public Utilities, only we are run¬ 
ning it under the direction of the state of California. 

Lester S. Ready: I wish to say that I am optimistic 
regarding the installation of a transmission bus running 
throughout the State of California. From what we have.seen 
during the last three or four years of the spirit of cooperation 
by the utilities during the period of the war we cannot help but 
realize that the problem is not an impossible one. 

I believe that if it had been said five or six years ago that the 
various utilities in Southern California would have stood 
together during the period of short water supply and not taken 
advantage of each other the remark would have been considered 
almost ridiculous. Yet, during the past year the supply of 
electric power in the southern and central part of California 
has been divided between the companies, the company with 
additional supply rendering service to its competitor at reason¬ 
able rates. Steam-electric power produced in Los Angeles and 
San Diego has been used to make possible the supplying of 
adequate service in the San Joaquin Valley, where a material 
shortage occurred. 


The big supply of hydroelectric power of the state is in the 
northern section. There is not a great deal of hydroelectric 
power developed or to be developed, in the south. The 
Southern California Edison Company has built its lines from 
Big Creek and there is still a great deal of undeveloped power 
on that stream which ultimately will be transmitted south of 
Tehachapi. It is doubtful whether the power supply of the 
development when fully completed will more than half supply 
the demands of Southern California, and power from the 
northern part of the state must be transmitted southward. 

Glancing at a map of the state you will see that all of the 
transmission lines lead -southward, and at present the general 
flow of power is in that direction. There may never be a great 
deal of power produced on the Pit or Feather Rivers delivered 
+2 i S Agates, but these rivers will relieve the demand upon 
the plants south of them, so that these in turn may be relieved 
to supply the demands further south. 

From a, physical standpoint there are practically only two 
transmission systems in the state at the present time. From 
Merced north to the Oregon line there is a great network at 
present completely interconnected. All companies south of 
. erce d * orm another great system fully interconnected, and it 
is not only possible but probable that within six months or a 

year there will be an interconnection between these two main 
systems. 


The war has done a great deal of good toward the develop- 
tlsff V n I ^i' < i 0nn T tl ^ ns between the utilities in this state and 

HktrS ^ a ll st - ng ben . e ®t to the state as a result. The 
’Ll™ e south is requiring the full capacity of all the 
p p ants and were it not for interconnection there would 
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be a great shortage of power in the San Joaquin Valley at the 
present time. 

The Railroad Commission is ready to do its part in fostering 
the interconnections which should be made. It made special 
efforts during the war to assist in the full conservative use of the 
power supply of the state and I wish to state that we are very 
pleased with the way things have been carried out, and the 
electrical engineers have much to their credit. I am not fully 
advised of the basis by which Mr. Barre determined the rates 
which were charged between the companies during the emer¬ 
gency but am certain there has been no profiteering between the 
companies during this period. 

George A. Damon: One great thing that we are doing 
right here in connection with this proposed high-tension bus 
line is to establish a “sense of direction.” We may not, just 
at present, be certain of all of the details—or how the enterprise 
is to be accomplished but I am sure we all feel that we are on the 
way. The situation is something like the starting of a foot 
ball game: we all know where the goal is but we are not at all 
sure of what each play will be to take us across the goal line. 
We may be quite certain, however, that if we all start in the 
right direction and stay together by constantly co-operating, 
eventually, we will accomplish this very desirable advance in 
the art. 

I think it is quite immaterial to the project, at this time, to 
consider whether the cost is to be financed “individually” or 
“collectively”—that is by private capital or by public funds. 
We all love the democracy which we retained at the cost of the 
great war and recognize that our next problem is to strike an 
equitable balance between individual interests and the common 
welfare. My own sense of direction seems to indicate that the 
economic pressure of the need of this great interconnecting bus 
will evolve its own system or method of financing and that, as 
electrical engineers, we need not stumble or hesitate over this 
difficulty. 

From our own technical standpoint the great big important 
problem which we have not yet discussed is the question of 
frequency. As we all know we have in use in this part of the 
country both 50 cycles and 60 cycles. If I am properly in¬ 
formed about 25 per cent of our load is on a 50-cycle system. 
Under these circumstances we have yet to determine the cost 
and practicability of combining these two frequencies into one 
system. We are constantly and rapidly increasing the load on 
each of the two systems of distribution but here we are 
seriously considering the tying together of all sources of 
generation or supply by means of one great interconnecting tie 
line. Under these circumstances what do we propose to do 
eventually with these two frequencies? In my opinion this is 
the real electrical problem to which we should just at this time, 
address ourselves. 
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L. M. Klauber: I think that the question of frequency is 
somewhat like some of these economic problems—it will solve 
itself over night. The Edison Company has always claimed 
that 50 cycles is the proper frequency and that operation would 
be impossible at any other. However, last week when the 
engineering staff was not watching, the system speeded up to 
something like 59 cycles and operated that way for about 
two minutes; they could as easily do it for two years. 

L. J. Corbett: As has been stated, the electrical features 
involved in the line projected have not been discussed very 
much. It occurred to me after looking over this paper and 
listening to the remarks thus far, that some of these points have 
not been taken up because they are not of extreme importance 
from an electrical viewpoint. When you have a system as long as 
the one contemplated, with plants connected in at short dis¬ 
tances apart, the actual effect on the system, at San Diego, 
for instance, due to connecting in the plant at Spokane, would 
not be of great importance, because the load at San Diego 
would be taken care of by the plants in the closer vicinity. 
Only in certain cases where for some reason an entire district 
would be cut out, would we have even the problem of a long 
distance transmission line arising. It may be recalled that in 
the case of a long line there are differences in wave form which 
result from the transmission line characteristics, but it is my 
opinion that these would be almost eliminated in such a system 
as outlined here. 


As has been stated by one of the speakers, a 220,000-volt line 
is not necessary, as an interconnection of the ordinary existing 
systems, whether 30,000, 50*000, 60,000, 110,000 “or 150,000 
volts, can be made. The lines can be interconnected just as 
they are by using proper transformer substations. As for the 
different frequencies encountered, that feature would present a 
minor difficulty; it would be an economic question solely, as it 
would call merely for the additional cost of a frequency changer 
when connection is made to a plant of a different frequency. 
It seems to me that everything required can be done with a 

lower voltage line and with equipment already in use or avail¬ 
able. 


J. H. Anderton: All previous discussions on this paper 
nave given practically no weight to the engineering problems 
involved m the design and operation of the proposed line. In 
iact, it has been stated here that the engineering problems are 
comparatively simple. This may be quite correct if the com¬ 
parison be made with the financial side of the problem. I do 
not believe, however, that we should assume the engineering 
features as a negligible factor. For instance, I note from the 
figures given on page 1240 of the paper that the distance be- 

£*5 P y Rlver and Los Angeles is 570 miles; to San Diego it 
would be approximately 700 miles. These distances are, of 
course, more or less approximate and while they approach the 
quarter-wave length of 60-cycle propagation, there will be no 
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^^nger from this standpoint alone since a practical line has 
resistance and other constants which prevent the theoretical 
rise due to the quarter-wave length distance. However, with 
lines of any length and given constants, a point of highest 
receiver voltage and maximum charging kv-a. can be found. 
The converse is also true that with a given length certain 
constants will give the highest receiver voltage and maximum 
changing kv-a. With a line of the length under consideration, 
the use of normal line constants might reasonably give a 
receiver voltage of from 250 to 400 per cent of the normal 
generator voltage, assuming that the line were charged from 
one end. This latter assumption is, of course, impossible due to 
the_ kv-a. capacity which will be required to charge the line but 
indicates in a general way the necessity for a careful determina¬ 
tion of all the constants. The complexity of the problem is 
very apparent from the fact that the line may be operated as a 
whole or in part and could be charged from various sources. 

H. H. Cox: The idea in preparing this paper was that it 
is now time for some large development in California. Cali- 
fornia can use 100,000 or 200,000-kw. water power now and 
relieve the steam plants and shut off the use of fuel. You 
nil know the price of fuel. Fuel means something more to us. 
In n pound of oil there is a whole lot of other things more 
valuable than the thermal unit. Therefore, the use of fuel 
is going to be turned in another direction to make these chemi- 
cal products, giving us the use of the by-products. 

Our confidence in the operation possibilities of the high- 
voltage line is absolute. We don't think there will be any diffi¬ 
culty at all. In answer to Mr. Anderton, regarding the dis¬ 
tance of 750 miles, more or less, this system would never be 
operated as a transmission from Pit River to Los Angeles. 
You would have to get the individual sections together. That 
is, ore line from Pit River to San Francisco and another from 
Big Creek to Los Angeles; then the two would be gotten 
together and power interchanged. It would be a physical 
impossibility to build up a line of this distance with generators 
because the quarter-wave length would act as a short circuit 
on tlie line. 

In regard to the operation of the line, we state that com¬ 
plete parallel operation of all lines must be adhered to in the 
proposed system.. Satisfactory protective relay systems for 
dropping defective sections with little disturbances have been 
developed for present parallel transmission lines and there 
appear to be no obstacles to extending these to the higher 
voltages. Such protective relay systems have been in use on 
60-kv. systems and are operating satisfactorily. 

Tiiis transmission bus, as I have said, will probably never 
transmit power from north to south, but it will be a means of 
carixig for emergencies and transmitting surplus energy to 
take care of the diversity of the different loads. 
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The present interconnections have a very limited capacity, 
as you all know. One company may now have 10,000 kw. to 
spare and puts in an interconnection of that size. Tomorrow 
an emergency arises and the other company needs 20,000 kw. 
The interconnection would not carry it. In the beginning of 
our paper we assumed the interconnection of all the California 
power companies on an equitable cost basis. It is now time 
for a large development of power to take place in California. 

G. E. Armstrong: I just overheard, from Mr. Downing, 
the remark that we will have a job to justify this line. It 
doesn’t look that way to us. In the first place, Mr. Downing 
said that California had lots of power, I suppose ten years 
ago that the power we have now looked like quite a bit. When 
I first came with the Southern California Edison Company 
we had a peak of 30,000 or 40,000 kw. and we are now running 
over 175,000 kw. The increase is going on a percentage basis. 
When on that basis, and the percentage increasing every 
year, we are going to pick up load pretty fast. 

Mr. Downing thinks he won’t live to see this line an accom¬ 
plished fact. I would like to call his attention to one point. 
For instance, the Southern California Edison Company, if 
this line isn’t put in, is going to need an additional 150,000- 
volt line to Big Creek very shortly. The two lines we have 
now are sufficient for about 60,000 kv-a. each. The two 
mg Creek plants now have a capacity of 60,000 kv-a. The 
installation of another plant there will bring it up to 100,000 
next year and we will need more for the next year. If the 

r ? Ise + 0rt ^ y ' ^e capacity of each line 

would be about 125,000. This was the idea that we had in 

mind as a need of bringing this proposed line in operation. 

San Joaquin Light and Power Co. now needs a trans- 
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TRANSOCEANIC RADIO COMMUNICATION 

BY E. F. W. ALEXANDERSON 
Abstract of Paper 

The paper defines the state of the art of today which is the 
result of developments during the war. Transatlantic radio 
communication is at present maintained by five first class sta¬ 
tions, two in America and three in Europe. These stations 
operate at wave-lengths between 12,500 and 17,000 meters. The 
range of wave-lengths suited for such traffic is rather limited, 
the desirable wave length being included between the limits of 
10,000 to 20,000 meters. New developments indicate three 
methods for increasing the radio traffic without interference 
between the different messages. These methods are increase of 
the transmitting speed, closer spacing of wave lengths and direc¬ 
tive reception. If these technical possibilities are intelligently 
used, the author predicts that radio communication will be equal 
to all demands that will be placed upon it. 

The second part of the paper describes the radio transmitting 
system for the development of which the author is responsible. 

This system is repx'esented by the naval radio station, New 
Brunswick, N. J. and comprises new means for generating 
modulating, and radiating the continuous wave energy. The 
generator is the high-frequency alternator with which the 
author’s name has become associated. The modulating system 
is the “magnetic amplifier” which is described in a paper by the 
author before the Institute of Radio Engineers. The “multiple 
antenna” system of radiation is described in this paper for 
the first time. The general theory and figures for the increased 
radiation efficiency are given. The author also predicts that the 
multiple antenna will make possible directive radiation on a 
large scale. 

I T has already become generally known that a new highway 
for world traffic has been opened up through the develop¬ 
ment of transatlantic radio communication. It is now a matter 
of history that radio was largely used for communication 
between the United States and armies in Europe and that 
the Great War was brought to a close by negotiations con¬ 
ducted by radio which led to the armistice. Now, we are 
ready for an international commerce of unprecedented scope, 
but lack adequate means for communication. 

The recent achievements of radio technique have become 
common knowledge, and the world has now turned to this new 
method of communication clamouring that it step in and save 
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the day. This is a condition which places a serious responsi¬ 
bility upon radio engineers. Fortunately, the technique has 
emerged from the cloud of mystery that used to surround it, 
and we are in position to treat the problem cooly and scienti¬ 
fically like any other problem in electrical engineering. How¬ 
ever, it must not be inferred that the task is any easy one, if 
the radio technique is to fulfill all the hopes which are placed 
on it. 

It has been demonstrated during the war period that trans¬ 
oceanic communication has become thoroughly reliable, every 
day in the year, and practically every hour in the day. Thus 
far, we can say, that the problem is solved. But a second 
question will be raised: What volume of traffic can be carried 
by the means at our disposal at the present time, and what is 
the relation of this radio traffic to the world traffic of to-day 
and to the world traffic of the future? The facts of the case 
are briefly the following: 

Experience has shown that the wave lengths which are most 
suited for transoceanic communication lie between 12,000 and 
l/,000 meters. This space in the ether” has already been 
taken up by five first class transmitting stations which, during 
the war period and up to the present time, have been in con¬ 
tinuous service for transatlantic communication. Of these 
stations, two are in the United States, one in England, one in ' 
France and one in Germany. By extending the range of wave 
lengths down to 10,000 and up to 20,000 meters, and following 
the same system of intervals there would be room for about 

seven more stations or a total of twelve first class transmitting 
stations. • = 


A first class station has such radiating power that its messages 
can be received in all parts of the world. This is one of the 
advantages of radio communication; but it implies that if 
such a station is to be used to full advantage it must have a 
. n S ht of w ay” for its wave length over the whole world. Thus 
if we look at the matter pessimistically, without allowance 
for the improvements that further engineering developments 
are l e y to bring, it would look as if the capacity of the world 
for first class radio stations would be about twelve. The rate 
of transmission at the present time from these stations is about 
twenty words a minute and it would thus be easy to figure out 
that the capacity of radio for handling any considerable portion 
Of world communication would be totally inadequate. 
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The other side of the picture, which the radio engineer of 
the future must study carefully and closely, should indicate 
the technical possibilities for improving the situation. The 
tendency of present day developments points to the following 
means for expansion of radio traffic: 

1. Increase in speed of transmission. 

2. Improved selectivity based on the direction of the wave. 

3. Improved selectivity making possible closer spacing of 
wave lengths. 

As a basis of discussing the general situation it may be here 
stated as simple facts: 

1. That signals have been transmitted and received at con¬ 
siderably more than 100 words a minute. 

2. That signals have been received from Europe while an 
American high power station within comparatively short dis¬ 
tance was radiating on the same wave length. 

3. That is has proved practical to separate radio signals 
differing in wave length considerably less than 1 per cent. 

Based on these facts, it is probable that the transmitting 
speed in the future will average 100 words a minute instead of 
20 words a minute. 

That the selectivity for direction of the waves will multiply 
by five the number of stations that may be operated on one 
wave length; and that the selectivity with reference to wave 
length will be improved so that the wave lengths of messages 
will be within 1 per cent of each other, instead of 7 per cent 
which is the spacing of the stations at present. 

These prospects, taken in combination, give us an optimistic 
picture in which the possible capacity for transoceanic radio 
traffic of the world is 175 times as great as it is with the practise 
of to-day. 

To claim that the traffic capacity could immediately be in¬ 
creased nearly 200 times, would be an exaggeration, because 
the different improvements which have been made may partly 
conflict with the execution of each other if they are to be used 
simultaneously. This optimistic picture is therefore to be 
regarded as a goal—perhaps never to be reached, but it points 
the way for almost unlimited possibilities for progress by con¬ 
tinued engineering efforts. 

In order to avail ourselves of these three improvements simul¬ 
taneously, the transmitted wave must be a continuous wave 
which does not “spill over” with harmonics, decrements or 
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variations, into the range of wave length assigned for other 
communication. When wave lengths are spaced 1 per cent 
apart, each wave must be sufficiently pure so as to have no 
objectionable components outside the limits of one-half of one 
per cent. While rules to this effect should be rigidly enforced 
it must be appreciated that there are certain fundamental 
limitations. 
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-Method op Resolving Sine Wave Modulation into Three 

Continuous Waves 


High Speed Signaling 

Modern transoceanic radio signaling is conducted by means 

1“ ‘T S TT. mUSt be a PP r eciated, however, that 
“ g by an absolutely continuous wave would be impossible, 

and del m f kmg f d ° tS and dashes Educes increments 
and decrements m the radiation. It will be shown that a 

repetition of increments and decrements can betsofved into 
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a group of closely adjacent continuous waves. This agrees 
with the well known fact that the tuning of a wave with a 
decrement is known as a broad tuning. To illustrate this 
point we may take as a basis a signal at 100 words a minute 
(5 letters per word). If it is assumed that the increments and 
decrements in making the dots are not sharp interruptions but 
a continued variation by sine wave curves as indicated in Fig. 1, 
it is found by an analysis that such a wave may be resolved 
into a group of continuous wave components within the limits 
of 40 cycles above and below the average. This is the theoreti¬ 
cal minimum width of the band of wave lengths which are 
necessary to transmit 100 words per minute. If the dots are 
defined by sharper interruptions the wave becomes still 
'"''broader” and it would not be unreasonable to say that the 
minimum practical band of wave lengths for 100 words per 
minute is 100 cycles on each side of the fundamental. This 
would make possible a spacing of the waves 1 per cent apart 
when using a wave length of approximately 15,000 meters. 
Messages at a higher rate of speed will occupy a correspondingly 
wider “space in ether.” 

As a conclusion from this analysis it may thus be said that an 
increase of the speed to 100 words a minute and increase of 
messages to a spacing 1 per cent apart may be accomplished 
simultaneously provided that waves are used of such a charac¬ 
ter and modulation that they contain no radiation except the 
one needed to accomplish the intended purpose. 

Directive Reception 

The second means for increasing radio traffic consists in 
improving the selectivity by taking advantage of the direction 
of the waves. The author’s paper printed in the Proceedings 
of the Institute of Radio .Engineers, August, 1919, described a 
receiver referred to as the “Barrage Receiver” which was used 
to demonstrate directive reception. There are several other 
types of receiving devices, developed by the United States 
Navy and other investigators, which accomplish substantially 
tbe same purpose. The broad principle underlying all these 
directional receiving devices is the one discovered by Bellini 
and Tosi and generally referred to under their names. 

In the U. S. Navy’s tests of the “Barrage Receiver”, it was 
proven that it is possible to carry on simultaneous two-way 
communication on exactly the same wave length. If this 
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method of directive reception is carried out consistently in a 
world system of communication, it may be assumed that 
transmitting stations operating on the same wave length may 
be located approximately as shown in the map in Fig. 2—one 
in Europe, one on the American east coast, one on the American 
west coast, one in the Far East and one in South America. 
The American receiving station for European signals in such a 
system should be located east of the American Atlantic Trans¬ 
mitting Station, and in line with the Pacific Transmitting 
Station. Thus messages from the two American transmitting 
stations could both be simultaneously neutralized in the 
American Receiving station by a “Barrage Receiver,” while 
signals on the same wave length are received from Europe. 
Interference from the South American station may be neu- 



Fig. 2 Proposed Simultaneous Radio Transmissions on the Same 

Wave Length 
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lines and not always the same path. However, discrepancies 
from such origin may again be overcome by further extending 
the principle of neutralizing waves from several directions 
simultaneously. 

Closer Spacing of Wave Lengths 

The method of increasing traffic capacity by closer spacing 
of wave lengths has great possibilities. It has been shown that 
the selectivity with reference to wave length can be greatly 
increased by several successive tunings in either the radio, the 
audio or some intermediate circuit. It is thus entirely practical 
to receive either by ear or by photographic records, signals 
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which are considerably less than 100 cycles apart. The 
theoretical limits for such selectivity in connection with high 
speed transmission are defined below. As illustrated in Fig. 1, 
a high speed message is not a single continuous wave, but a 
band of wave lengths—100 words per minute occupying a space 
of about 200 cycles. Therefore the same degree of selectivity 
is not to be expected with a high-speed signal if the interfering 
radiation is of considerable intensity. 

Speaking in terms more familiar to practical radio operators 
it may be said that high speed telegraph signals assume to some 
degree the objectionable characteristics of a spark signal. As 
an illustration of this, Fig. 3 shows the relative decrements in a 
continuous high-speed telegraph wave and a spark wave, show- 
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ing' that the increments and decrements of the continuous 
wave signal at 500 words per minute are about equal to a spark 
wave of 400 sparks per second. These illustrations apply to 
wave lengths of about 15,000 meters. 


The Radio Transmitting System 

Sev eral types of .radio transmitting systems are at present in 
use with a high degree of success. The descriptive matter in 

T S P ?, 6r W1 ’ however > be confined to the system for which 
the author is responsible as represented by the Naval Radio 
Station at New Brunswick, N. J. 

Generally speaking, any’radio transmitting system consists 
of three essential elements: consists 

1. The generator of radio frequency energy. 
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3. The antenna or radiating system. 
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Fig. 7 200-Kw. Alternator Set as Installed in the 
Station, New Brunswick, New Jersey 
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sections, each section generating about 100 volts and 30 am¬ 
peres. The current generated by these 64 windings is collected 
in the air core transformer mounted on the top of the machine, 
Fig. 7. This transformer has 64 independent primary windings 
corresponding to the armature windings. The single secondary 
winding of the transformer delivers the complete output of the 
alternator. This collecting transformer is thus to be considered 
as an integral part of the generating unit and for all purposes 
of calculation the characteristics of the generating unit, such 
as electromotive force and current,, are given as delivered from 
this secondary winding. At full output the alternator delivers 
100 amperes at an electromotive force of 2000 volts. It can 
thus be seen that the alternator is designed for a load resistance 
of 20 ohms. However, the same machine might be adapted 
for any other load resistance by selecting a different number 
of turns in the secondary of the collecting transformer. The 
reason why this particular machine is designed for a high 
voltage and low current will be given later in discussion of the 
new type of antenna with which it is used. 

The 200-kw. alternator when operated at the New Brunswick 
wave length of 13,600 meters runs at a speed of 2170 rev. per 
min. It is driven by an induction motor through a gear of 
a ratio of 2.97:1 when the high-frequency alternator is used as 
a source of radiation, the wave length is determined directly 
by the rotative speed of the machine. Thus, obviously, it is 
important that the rotative speed should be as nearly abso¬ 
lutely constant as it is possible to make it. An important ac¬ 
cessory of the alternator set is therefore the speed regulator. 
The 50-kw. alternator set shown in Fig. 3 is driven by a direct- 
current motor whereas, the 200-kw. set is driven by an induction 
motor of the slip ring type. The 50-kw. set was equipped with 
a direct-current motor because the problem of speed regulation 
of that type of motor is somewhat easier. Induction motors 
were, however, decided upon for the later types because al¬ 
ternating-current power is more easily available in most locali¬ 
ties. 

Speed Regulator 

The speed regulator consists of a speed determining element 
and a power controlling element. The speed determining 
element is a resonant high-frequency circuit fed by one of the 
64 alternator windings which is set aside for that purpose. The 
oscillating energy of this high-frequency circuit is associated 
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by magnetic couplings with a rectifying circuit in which the 
high-frequency energy is changed into direct current. This 
rectified current in turn, actuates the controlling magnet of a 
vibrating regulator of the type that is generally used for volt¬ 
age regulation in power stations. When the driving motor is 
a direct-current motor it is easy to see how this vibrating 
regulator may be made to control the speed by regulating the 
voltage of the power supply to the motor. In order to ac¬ 
complish the same object with an induction motor some new 
features have been introduced. 


An ordinary induction motor is operated at constant po¬ 
tential. When the motor runs light it draws from the line a 
magnetizing current which is almost wattless. Thus it operates 
at a low power factor. When the motor is fully loaded it 
draws power at a high power factor—a motor of the type used 
having a power factor of 90 per cent. 

. When the New Brunswick station was adjusted for operation 
it was found that a wave length was desired which required 
the induction motor to work at 19 per cent slip. The rheostat 
m the secondary of the motor could easily be adjusted so that 
the motor would deliver the desired power with full load at 
9 per cent slip. However, inasmuch, as the output of the 
a ternator varies continually with the making of dots and dashes 
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for varying the applied voltage in accordance with action of 
the speed-determining element, and this has been done in the 
following way: 

Between the motor and the power supply is introduced a 
choke coil with iron core, the permeability of which can be 
varied by saturation. The change in permeability is produced 
by a direct current which is controlled by a vibrating reg ula tor. 
When the motor carries full load the iron core is saturated so 
that the choking effect is practically zero. At fractional load 
the choking effect is automatically adjusted by the regulator 
so that the motor delivers at all times the power required to 
hold constant speed. The motor itself operates at all times at 
its maximum efficiency and power factor, but the power factor 
of the current drawn from the line varies with the load. Thus 

HIGH FREQ. SET 



when the motor operates at load the power factor of the line 
is 45 per cent while the power factor of the motor is 90 per cent. 
The circuits of the regulator are shown in Fig. 8 and the 
vibrator regulator in Fig. 9. 

Modulating System 

The method of controlling high-frequency energy involves an 
apparatus which has become known as the “magnetic ampli¬ 
fier.” This device is described in a paper by the author in the 
Institute of Radio Engineers, January, 1916, and therefore 
needs to be referred to only briefly. The magnetic amplifier is 
a device which is physically of the nature of an oil cooled 
transformer. The iron core which is made of fine laminations, 
is designed in such a way that the magnetic permeability of 
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the iron core can be varied by magnetic saturation. By a 
special combination of tuned circuits as shown in Fig. 10 it has 
become possible to separate the controlling current from the 
high-frequency current so that a comparatively weak current of 
a few amperes controls as many hundreds of amperes in the 
antenna. When the transmitting station is used for telegraphy 
the magnetic amplifier is controlled by the telegraph relays 
which are a part of the wire telegraph system. During the 
war service, the telegraph key was operated in the centralized 
operating room of the Naval Communication Department in 
Washington. When the station is used for telephony the con¬ 
trolling current is an amplified telephone current. 
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The Multiple Antenna 

The antenna of the New Brunswick station represents a new 
departure in the method of radiation. The old antenna struc- 
- ture was originally one of the horizontal Marconi antenna, 
5000 ft. (1500 m.) long, 600 ft. (180 m.) wide supported on 
towers 400 ft. (120 m.) high. The original antenna had a 
resistance of 3.8 ohms. 

The antenna as operated now has a resistance of 0.5 ohms 
distributed approximately as follows: 


Radiation resistance.0.07 ohms 

Tuning coils and insulation.0!l0 

Ground resistance.0.33 


Total multiple resistance.. 0.5 ohms 


The reduction in total resistance of the antenna is due to the 
reduction of the ground resistance. While the old antenna 
had one tuning coil located in one end, the new antenna has six 
tuning coils as shown in Fig. 10 and Fig. 13. 

Theory of the Multiple Antenna 

The theory of the multiple antenna can be explained in 
several ways. Without going into details, an explanation will 
be presented giving the point of view which has proved most 
useful for general discussion. For this purpose the multiple 
antenna may be considered as an aggregate of several antennas 
of the ordinary vertical type each having its own tuning coil. 
When regarded in this way, the multiple antenna in New Bruns¬ 
wick is equivalent to six independent radiators placed 1000 ft. 
apart. The ground resistance of each of the radiators is 2 
ohms, the coil resistance 0.6 ohms and the radiation 0.07 ohms 
making a total resistance of 2.67 ohms. Each of these radiators 
has an aerial 1000 ft. long and 600 ft. wide, counted at an 
average height of 300 ft. A total resistance of about 2.67 ohms 
is, as a matter of fact, the resistance to be expected from an 
antenna of such dimensions and ordinary design. If one 
individual antenna such as described is operated with a radia¬ 
tion of 100 amperes, the energy consumption of the antenna 
would be 26.7 kw., and the radiation efficiency.would be 0.07 
ohm divided by 2.67 ohm which is -2 .-6 per cent. If it is 
desired to increase the radiation from 100 amperes to 600 
amperes the energy consumption would be 36 times as great 
that is, 960 kw. There is, however, another way to produce a 
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radiation equivalent to 600 amperes. If six separate antennas 
of the dimensions described were built and each operated with 
a radiation of 100 amperes, each antenna would emit a system 
of waves proportional to 100 amperes radiation. If all the 
waves emitted by the six antennas were in phase, the amplitude 
of the combined wave would be six times as great as the wave 
emitted by one antenna. Thus the amplitude of the com¬ 
bined wave would be equal to the amplitude of the wave 
emitted by one antenna when operated at 600 amperes. The 
energy consumption required for operating one antenna was 
26.7 kw., thus it might off-hand be concluded that the energy 
consumption required for operating the six antennas simultane¬ 
ously would be 160 kw. This conclusion is not exactly correct 
because there is an interaction between the radiating effects of 
the different antennas resulting in a somewhat higher energy 
consumption. This might be expressed as follows: 


The radiation resistance which is 0.07 ohm is common for 
all six antennas, whereas the ground and coil resistance of 2.6 
ohm belongs to the different antennas, individually. Thus the 
combined circuit of the multiple antenna can be represented by 
the common radiating resistance of 0.07 ohm connected in 
series with a group of six multiple resistance of 2.6 ohms each, 
so that the total current of 600 amperes flows through the 0.07 
ohm radiation resistances which represent the ground and coil 
resistance of the individual antennas. Hence the total energy 
consumption of the combined antenna Is found to be 180 kw 
out of which 155 kw. is ground coil and insulation loss and 25 
kw. radiation. The radiation efficiency of the multiple an¬ 
tenna is thus 14 per cent against the radiation efficiency of 2 6 
per cent for the individual antenna. The above calculation is 
made for the present operating wave of 13,600 meters. If on 

“ hand the Bfxoe calculation is made for the same length 
of 8000 meters, which has been found more efficient for tele- 
p omc transmission, it is found that the radiation efficiency is 
30 per cent, the energy being distributed as follows: 

Radiation resistance. 0.2 ohms 

Coil and insulation.0 07 

Ground resistance.. . 0 *33 


Total multiple resistance..... 0.6 ohms 

fromamultS ? f COnve ™ nce in dealing with the radiation 

P antenna it has become the practise to indicate 
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the total radiation from the multiple antenna as the sum of 
the currents measured in the six ground connections. The 
equivalent multiple resistance of the antenna is then deter¬ 
mined by the equation PR = energy consumption, where I 
is the sum of the currents in the ground connection. 

It has been assumed above that each of the individual an¬ 
tennas is operated so that the waves sent out by the sam e are 
not only of the same frequency, but exactly of the same phase. 
It remains to be shown how this is accomplished. Fig. 13 
shows the relation between the antenna and the multiple t uning 
coils and the alternator. As shown by the diagram, the al- 

SINGLE TV NED ANTENNA 


AMf? 


SINGLE TUNED EQUIVALENT CIKCUIT 


GOO AMP 




MULTIPLE ANTENNA 




temator is connected in series with one of the six tuning coils. 
Arrows on the diagram indicate further how the oscillating 
currents and the energy currents are distributed. Six in¬ 
dependent oscillating circuits are formed, the current in each 
ground connection corresponding to the charging current of 
the corresponding section of the aerial. If the antenna had 
been shock excited so that it continued to oscillate in the 
way indicated, no current would flow in the horizontal wires 
between the different sections of the antenna. However, in 
order to maintain continued oscillations a flow of energy must 
take place from the alternator which is connected to one of 
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the six tuning coils. When the antenna is operated with 100 
amperes in each of the ground connections, the energy con¬ 
sumption as shown above is 180 kw., that is, each oscillating 
circuit consumes 80 kw. 

What actually takes place is the following: The tuning 
coil to which the alternator is connected transforms the energy 
of the alternator into a power supply at a potential of 
60,000 volts, and each of the oscillating circuits draws energy 
from this power supply at that voltage. Thus the energy 
currents consumed by each oscillating circuit is only 0.5 am¬ 
peres. It can thus be seen that while the total oscillating 
current of the antenna is 600 amperes the energy current which 
flows horizontally from the power source to the multiple os¬ 
cillating circuits is only a total of 2.5 amperes. In other 
words, the energy which is delivered by the first tuning coil 
m the form of 100 amperes at 1800 volts is transformed by the 
rst oscillating circuit and distributed as in a transmission line 
rom which 0.5 amperes at 60,000 volts is drawn in five places. 
The analogy between the multiple antenna and a high-tension 
power distribution system is thus apparent. 

This point of view is a departure from the conventional 
theory of radiation; but it must be remembered that there 
was a time m the development of electric power technique 

^stem h w a mtr0d ^ tl ?u 0f thehigl>tension multiple distribution 
system was a radical departure. 

Directive Radiation 

adtatd"l ti £? n ,? Ima J aS describ «> in its simplest form is 
oscillators k in ra ?! at ’ on from each of the individual 

S ifSoS "Jft h °*r er ’ tte antenna dimensions 
wave between the .-1KT ph f“ ^placement of the traveling 
factor, ■£“ T *L“ 

Sem whTcb n0t SimPle Cb ' C ” lar but an tote^tenS 

pattern which may be treated like the corresnn^f ™l 
nomena m light and sound waves FnH-L ?? d , g phe ‘ 

placement of the oscillations of the^^S* a- diS ' 
be regulated by tuning Thus n m ^ Vld , ual radiators may 

w may be created and analysisTtta*” 

for unidirectional radiation have been established 
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through the well known work of Bellini and Tosi. Through 
the courtesy of Mr. Bouthillon of the French Post Office, 
results of tests made in France have been placed at the disposal 
of the author, which show conclusively directive radiation 
by the Bellini and Tosi antenna. 

With the dimensions of antennas used up to the present 
time, efficient directive radiation has not been practical. It 
has, however, been proved by various tests that the system 
of a central power source and a distribution system of energy 
to a large number of multiple radiators places at our disposal 
means for constructing radiators of dimensions of one wave 

* . 't 

length or more. The New Brunswick antenna (1500 meters 
long) has a minimum wave length of 8000 meters as.a single 
antenna, whereas it can be operated as a multiple antenna at 
2000 meters wave length. A detailed analysis of the possi¬ 
bilities of multiple radiation would fall outside the scope of 
this paper but the author is in position to predict with confi¬ 
dence that directive radiation on a large scale will not only 
prove practical but that it will be the most efficient method of 
radiation. 

To add directive radiation to the proposed program for in¬ 
creasing the capacity of radio traffic would perhaps be pre¬ 
mature until it has been demonstrated on a large scale. How¬ 
ever, it deserves mention in order to show that new principles 
which may.be utilized for still greater expansion of the radio 
technique have not yet been exhausted. 




Presented at a joint meeting of the American 
Institute of Electrical Engineers, and the 
Institute of Radio Engineers, New York, 
October 1, 1919- 


Copyright 1919 by A. I. E. E. 


TELEPHONE REPEATERS 


BY BANCROFT GHERARDI AND FRANK-B. JEWETT 


Abstract of Paper 

In this paper the authors have endeavored to set forth briefly 
but clearly the history of the research and development work 
which has led up to the final production of successful telephone 
repeaters. The various forms of amplifiers which have been 
suggested are described and their possibilities and limitations 
pointed out. The essential properties of repeater ■ networks 
together with the necessary line conditions for successful re¬ 
peater operation are described and illustrated. Tandem 
operation of repeaters is discussed as is also the use of repeaters 
in four-wire circuits. Illustrations are given showing a few of 
the more important repeater installations now in regular com¬ 
mercial service in the United States. 


Introduction 

D URING the past ten years developments in the design 
and construction of telephone amplifiers, or telephone 
repeaters as they are more universally called, and in the art 
of their • application to all forms of telephone circuits have 
progressed to such an extent as to justify the presentation to the 
American Institute of Electrical Engineers of a comprehensive 
paper which shall cover not only the earlier efforts hut the 
present state of development. 

As indicated below, the idea o f one or more repeaters inserted 
in a line for the purpose of reinforcing from some local source 
df energy the weakened current from the sending station is 
older than the telephone itself. In telephony innumerable 
attempts by a large number of investigators have gone on 
continuously almost from the inception of the telephone in an 
effort to extend the range of telephonic speech through the 
utilization of energy applied to the telephone line at a point or 
points between the transmitting and receiving stations. While 
the net result of all this work is, of course, the state of the art 
as we now have it, a survey of the earlier developments in the 
light' of present-day knowledge discloses in striking fashion the 
fact that, unknown to the investigators, the early attempts 
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were destined not to succeed where success was measured by 
the development of a practical device which would give satis¬ 
factory results on a regular two-way telephone circuit. 

We know now that the final successful development and 
application of the telephone repeater had to wait not only for 
the slow accumulation of comprehensive knowledge concerning 
all the factors which govern the successful transmission of 
speech electrically over wires and of the intricate relation of 
circuits and apparatus to produce desired results with the 
maze of frequencies involved in speech, but also on develop¬ 
ments in physical science which were in themselves quite 
foreign to the specific realm of telephony. For these reasons 
the work of the earlier investigators, ingenious though it was, 
was for years foredoomed to failure by factors over which they 
had no control and of which, in many cases, they had no 
knowledge even. In the light of what we now know, much of 
this early work appears almost impossibly successful and 
attests to the ingenuity and resourcefulness of the men who 
conducted it. 

Another thing which the final successful development and 
extensive application of the telephone repeater indicates with 
striking clarity is the fact that a complete solution of the 
problem was made possible only by the existence of a great 
unified engineering and research department, such as that 
maintained by the Bell System. The elements involved and 
the multiplicity of detail to be worked out and correlated were 
far beyond the limitations of any single individual or any 
limited organization. The best that mathematics, physics, 
chemistry, engineering, manufacturing and operation could 
supply were needed for the solution. Further, if the solution 
were to be obtained in a reasonable time it was essential that 
the efforts of the experts in all of these fields must be directed 
in a cooperative attack on the main problem. With the 
growth of fundamental research groups of highly trained 
scientists in the engineering department of the Bell System the 
means for attacking the elusive repeater problem in compre¬ 
hensive fashion became available and progress toward success 
became certain and rapid. The loose ends of discrete and 
desultory researches were gathered in, past and present work 
scrutinized and the attack directed from a foundation of cer¬ 
tain knowledge not theretofore available. 

The wonderful success which has attended the work and 
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which has started what bids fair to be a revolution in the entire 
scheme of telephonic transmission should be a source of grati¬ 
fication to American electrical engineers, to whom more than 
to any others have been due the other wonderful telephone 
developments of the past. 

In discussing the earlier work on telephone repeaters and 
that which led up to the first successful device, the 
authors have not attempted even to enumerate the large 
number of investigators, much less to allocate credit among 
them. The names mentioned are those of the men who stand 
out most conspicuously and the fact that many of them are 
employees of the Bell System is not remarkable, since it was the 
largest single agency consistently at work on all problems con¬ 
cerning telephone development. In a complex art which has 
been vigorously worked for nearly fifty years, it is inevitable 
that great numbers of patents should have been taken out on 
all conceivable kinds of devices and systems. Many of these 
are inherently worthless, while others contain elements of 
value, although not in themselves disclosing complete workable 
arrangements. While, therefore, no single invention has solved 
the repeater problem in its entirety, it is interesting to note that 
all of the inventions which make possible the successful tele¬ 
phone repeater of today are the work of Americans. 

No paper dealing with the development and successful 
application of telephone repeaters would be complete without 
mention of the fact that throughout all the later years, during 
which progress has been certain and rapid, the principal credit 
for the broad engineering and commercial results obtained is 
due to Colonel J. J. Carty, past President of this Institute and 
for many years Chief Engineer and now Vice President of the 
American Telephone and Telegraph Company. To Colonel 
Carty more than to any one else is due the credit of having 
brought about that coordination of all of the elements men¬ 
tioned above, which was vital to the ultimate success of the 
undertaking. 

Histokical 

The foundation of the art of telephony by Alexander Graham 
Bell followed by almost fifty years that institution of the sister 
art of .telegraphy which was based on the discoveries of Fara¬ 
day, Ampere, Volta, and Henry. It was inevitable, therefore, 
that efforts to extend the range of telephonic communication 
should be influenced by earlier and successful efforts in tele- 
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graphic communication. As telegraphic operation was 
attempted between more widely separated stations it was found 
that the attenuated currents were insufficient to operate the 
recording mechanism. To obviate this limitation Morse intro¬ 
duced at the receiving station a local source of energy which 
supplied current to the recording mechanism but was controlled 
by the received signals through the medium of an electromag¬ 
netic relay. 

In this invention was the principle necessary for an indefinite 
extension of the possible range of communication since the 
local source might supply current to another stretch of line. 
It is a curious bit of history that this application was not 
utilized for several years during which transmission over long 
distances was accomplished by manual instead of automatic 
repetition at the intermediate stations. 

The delay in this natural development was due to the fact 
that the relay of Morse, although it was a repeater, was a 
one-way device since it was actuated only by currents arriving 
from one of the two telegraph stations on either side of it. It 
required the use of two such repeater elements and of a circuit 


arrangement to convert a one-way into a two-way repeater 
station. Of these circuit arrangements one of the earliest was 
that of Varley. During the next few years duplex repeaters 
received considerable attention from inventors. The differen¬ 
tiation, however, which seems so obvious to us today, between 
the repeater element and the circuit arrangement by which 

such elements may operate duplex, was infrequently if ever 
emphasized. 

In the extension of the range of telephony by the use of 
repeaters the duplex feature was even more essential than in 
telegraphy. The problem was complicated not only by the 
inherited confusion between element and circuit but also by 
he greater importance of the third factor in such operation, 
^rraf lines on either side of the repeating station. 

e necessity for distinguishing between these three factors 
of repeating element, repeater circuit, and lines was early 

and 0 ^ f gineers of the B ell System. The exact 

ouatelv atlV a f Iat !° nshl P s between them have been ade- 

matter in hi^ ^ In ° Ur discussion of the 

matter in hand we shall follow, therefore, the logical order 

Lamtelv n thT m h thiS d ^ erentiation and treat these factors 
separately m the above order. Before undertaking their more 
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detailed exposition it may be well to vivify their individuality 
by the consideration of the concrete case illustrated in Figs. 
1 to 5 inclusive. 

A principle, which is familiarly known by its direct-current 
application in the Wheatstone bridge, has proved most fertile 
in the formation of duplex circuits. Thus in Fig. 1 we have an 




FIG.2. 


early method of duplex telegraphy, which is obviously reducible 
to the simple bridge circuit of Fig. 2. If a and b are equal then, 
provided also R is equal to X, the battery B will cause no dif¬ 
ference of potential between m and n and hence no current 

through the galvanometer in the case of Fig. 2 and no resultant 

• _ , * 

magnetism J.n the sounder of Fig. 1. 



FIG. 3. 


The same principle is applicable to the duplex operation of 
a telephone line as is seen in Fig. 3, where the sounder and the 
key of Fig. 1 are replaced respectively, by a receiver and a trans¬ 
mitter. If the resistance R is not equal to X, the impedance 
of the telephone line, then, the duplex set is not entirely 
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“anti-side tone” since the operation of the transmitter causes 
some current in the receiver. The amount of current through 
the receiver and hence the motion of its diaphragm depends 
both upon the current from the transmitter and upon the 
amount of unbalance in the bridge which is occasioned by the 
inequality of R and X. 

If we dispose the transmitter and the receiver as in Fig. 4, 
allowing any sound from the latter to actuate the transmitter, 
then we may obtain what is termed a “howling set”. The 
mere jarring of the carbon button due to bringing the instru¬ 
ments into juxtaposition will result in a current from the trans¬ 
mitter and hence, if R and X are not equal, in some current in 
the receiver. The consequent motion of the receiver diaphragm 
causes a new disturbance of the carbon of the transmitter and 



this^ in turn causes a new impulse of current through the 
receiver itself. If the combination of receiver and transmitter 

sS^“ Ve ? iS /T enCe ° f 6Vents may P er P etuate 

deJwl?t ? ® teady tone ’ the frequency of which is 
the c V cf-pm Fu 6 e eCtnCaI and mee h an ical characteristics of 

T f he energy , for such steady vibrations of the 

with thftlZ’ of , c ° urse ’° btamed from the battery associated 
is not ckwn F r ' F° r P ur P° ses °f simplicity the battery 

rs 

Lo, e SJ“ c d e 
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sistance, R of Fig. 4, has been replaced by a telephone line. 
In this last form of the bridge we may recognize the three factors 
mentioned above. The repeating element has input terminals 
1 > 2 and output terminals 3 , 4. It is associated with the lines 
on either side by the bridge circuit mnqq in such a manner 
as to repeat telephone conversations in either direction. Thus 
voice currents originating at a station on the east line are im¬ 
pressed on the terminals 1, 2 of the element through the 
action of the transformer. The resulting output from ter¬ 
minals 3, 4 is then transmitted equally to the east, where it 
is received as side tone by the speaker, and to the west, where 
it is usefully received by the distant auditor. Further details 
of this operation will be considered later. We may, however, 
note that if the unbalance between the lines east and west 
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exceeds a certain magnitude, which depends upon the sensi¬ 
tiveness of the element, then the operation is that of the 
howling set. Under these conditions the repeater is said to 
“sing,” for it will transmit in both directions a strong steady 
tone which renders telephonic communication impossible. 

The difficulty introduced by this possibility of singing was 
not serious in the early days of the development of telephone 
repeaters and only became so with the invention of more 
sensitive elements. In fact in the very early days the difficulty 
was to obtain an element of sufficient sensitiveness. What 
sort of conditions must be met may be illustrated by the fact 
that the current at the transmitting terminal of a long- line 
is only a matter of 2 or 3 milliamperes. In transmission 
over the line the current is constantly attenuated so that at the 
receiving terminal it may be only 3 or 4 hundredths of its ori¬ 
ginal magnitude. Such small currents required greater pre- 



1294 GHERARDI AND JEWETT: [Oct. 1 

cision of£design than was appreciated by many of the early 
inventors, although as early as 1888 one of the Bell engineers, 
E. H. Lyons, had constructed a repeater which would amplify 
such small currents. 

The Repeater Element 

Before considering further these early designs we may well 
list the operating requirements for a successful repeater element. 
In so doing we shall not be concerned with the physical prin¬ 
ciples upon which the device operates. To all present intents 
and purposes we are concerned only with pairs of terminals 
1, 2 and 3, 4 of an enclosed and unknown electrical network 
as illustrated in Fig. 6. If we subject such a hidden element 
to electrical measurement with alternating current we may 
obtain, for each frequency which we use, several characteristic 
ratios. Thus, from the ratio of the voltage impressed upon 
terminals 1,2 to the resulting current we obtain the impedance 
of that circuit and similarly for the circuit of terminals 3, 4. 
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We obtain also a mutual impedance by taking the ratio of the 
voltage produced in the circuit 3, 4 to the current in the 
circuit 1, 2. Similarly, there may be measured the mutual 
impedance in the opposite direction. In case one only of the 
mutual impedances is zero, that is, that no voltage is produced 
on one side when a current is flowing in the other, we speak of 
the device as having a “unilateral mutual impedance.” Of 
e repeaters which we have found best adapted to telephony 
all are of this unilateral type. The requirements which must 

. e are ^ en ^ ca ^ whether the device is bilateral or unilateral 
but they may be more conveniently stated in terms of the 
unilateral type, of which the receiver-transmitter (or me¬ 
chanical form) shown in Figs. 4 and 5 is a simple illustration. 
These requirements are: 

1. The unilateral mutual impedance must be independent of 

? the impressed current, within the range re- 

be ^ n f ® r t , tel ® p J lone , transinis sion. In other words, there must 
be a linear relation between the output voltage and the input 
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current of the repeater, in which case the output is directly 
proportional to the input. If this condition is not met there 
will appear in the output one or more harmonics of the im¬ 
pressed alternating voltage. 

la. The input and output impedances of the element must 
be similarly independent of the impressed voltage or else dis¬ 
tortion will occur. 

2. The unilateral mutual impedance must be independent 
of the frequency of the impressed voltage within the range 
required for the transmission of the humam voice. -If this 
condition is not met the various overtones in such a complex 
sinusoidal current as is initiated by a voice will not be faithfully 
reproduced in their proper proportions. 

2a. The input impedance of the element should be inde- * 
pendent of the frequency of the impressed voltage or else it 
should be the same function of the frequency as is the impedance 
of the telephone line to which it is to be connected. If this 
condition is not met a distortion, destructive of good quality, 
may be introduced. In this case the voltage actuating the 
repeater is not that which the telephone line would impress 
upon another similar line but is greater or less by a factor 
which depends upon the frequency. It is not sufficient that 
the element repeat accurately its input but it is also requisite 
that its input circuit receive from the telephone line without 
distortion. 

2b. The output impedance of the element should be simi¬ 
larly independent of the frequency or else properly related to 
the impedance of a telephone line so that the line may receive 
without distortion the output of the repeater. 

3. The element must give amplification; that is, ignoring 
the energy sources which may be associated with or be parts of 
the element, the efficiency as measured by the ratio of output 
and input energies of telephone currents must be greater than 
unity. For example in the case of the mechanical element, 
which was pictured above, the energy is supplied by the battery 
associated with the carbon button. We are concerned at 
present only with its efficiency for transferring telephone varia¬ 
tions from terminals 1,2 to terminals 3, b. How much greater 
than 100 per cent this efficiency must be will depend, obviously, 
upon costs and other engineering factors. A repeating element 
adaptable to our telephone plant may well be expected to give 
an energy amplification such that telephone currents, which 
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have been attenuated by about twenty miles of standard cable, 
will be restored to their original values by its action. In tele¬ 
phone parlance "the element should give a gain of about 
twenty miles.” Since by transmission through twenty miles 
of standard cable both the current and voltage would be 
attenuated to about one-eighth/the energy delivered to the 
repeater circuit would be only one sixty-fourth of the original 
energy. Of this only one-half reaches the receiving element 
for the rest is dissipated in the bridge. Hence there must be 
supplied to the line on the output side of the repeater circuit 
128 times as much energy as is received. A glance at the 
circuit of Fig. 5 shows, however, that the output of the 
repeater itself is equally supplied to the outgoing and the in¬ 
coming lines. The element must be capable, therefore, of 
supplying 256 times as much energy as it receives. In other 
words, the element should have a telephone efficiency of about 
twenty-six thousand per cent. 

4. ^ The sources of energy associated with the element, and 
by virtue of which amplification is possible, must have voltages 
which may safely and conveniently be utilized in the telephone 
plant. For example, a repeater whose source of energy had a 
'voltage of greater than 250 would be unsatisfactory in a plant 
which normally employs voltages not greatly exceeding 100. 

5. The element must be either insensitive to external elec- 
tnca][disturbances or easily shielded from them so that cross¬ 
talk from neighboring telephone circuits or apparatus may not 
actuate it. 


5a. Conversely, the element must not be such as to cross* 
talK; into adjacent circuits or apparatus. 

, 6 ; . yi e elen f nt must be constant in behavior, reliable and 

;„/ rQ , lfe ’ and r f ot sudl as to require frequent attention or 
laboratory conditions of operation. In other words the ele¬ 
ment must meet the conditions as to reliability of service which 
apply to other portions of the telephone plant. 

elmenfl 81 ? 1 COst ot encrgy and of maintenance. 
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devices formed by coils and magnets but involving no source 
of energy, or at least utilizing none, and hence patently incap¬ 
able of producing amplification. Inherently such devices 
were static transformers, on the low voltage side of which there 
might be a greater current but obviously not a greater power 
than there was expended as input on the high voltage side. 
In some instances such devices were said to be intended for 
frequent use along a telephone line at fairly regular intervals. 
Such effect in improving telephone transmission as they might 
have would then be explainable by their function as inductances 
in the line; in other words, by the loading of the line. They 
thus offered imperfect substitutes for Dr. Pupin’s method of 
loading. 

Most of the earlier attempts at the design of telephone 
repeaters followed the recognized lines of telegraph practise or 
of electrical power engineering. The life of the telephone, 
however, has been almost contemporaneous with that of the 
newer physics which deals with discharges through rarefied gases 
and which has led to the discovery of the electron and of steady 
electron streams in vacua. General knowledge of the elec¬ 
tronic structure of matter has grown by leaps and bounds in 
the last few years and coincident with this growth has been our 
practical development of electronic repeaters. 

For purposes of classification, therefore, we may divide 
repeating elements into three groups depending upon whether 
their moving parts consist of (a) molecular ions, (b) electrons, 
or (e) molecular aggregates, that is, ponderable matter in the 
ordinary sense. The first group we might call “gaseous”, the 
second “electronic,” and the third, “electrodynamic.” We 
may also classify according to the means by which the moving 
parts are actuated, as (a) electromagnetic if the operation is 
dependent upon a magnetic field which is altered by the re¬ 
ceived current, and (b) electrostatic if operation is dependent 
upon an electrical field which is established or altered by the 
received current. 

Electrostatic devices involving moving members of mechani¬ 
cal size are too insensitive to serve as telephone repeaters. In 
the case of gaseous or electronic devices such a method of 
control is, however, entirely practicable and, indeed, for elec¬ 
tronic systems marvelously effective. Our system of classifi¬ 
cation may, therefore, be simplified by the omission of one 
class of mechanical devices. It must, on the other hand, be 
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further complicated by the introduction under gaseous re¬ 
peaters of a type of device which has no cognate in the other 
two classes. Such devices are conductors which depend upon 
the passage of current through themselves to alter their own 
characteristics. Something of this behavior is familar to all 
engineers who have worked with carbon arcs and remember 
their instability. For our purpose we may designate this type 
of repeater as a “negative resistance device” and postpone the 
justification of the terminology to later discussion. 

The classification of repeater elements in the order in which 
they will be discussed is, then, as follows : 

I. Electrodynamic repeaters 

A. Receiver transmitter type 

B. Generator type 

1. Direct-current generator 

2. Alternating-current generator 

3. Asynchronous generator 

II. Electronic Repeaters 

A. Electrostatic 

B. Electromagnetic 

III. Gaseous Repeaters 

A. Electrostatic 

B. Electromagnetic 

C. Negative Resistance 


I-A. The form of telephone repeater which most naturally 
suggested itself to the early engineers is the combination of a 
receiver and a microphone essentially in the manner depicted 
m connection with our earlier discussion of the problem pre¬ 
sented to telephone engineers by the necessity of increasing 
the range of telephonic communication. In the early years 
of te Iep h°ny no other means seemed available and prior to 
iyud many unsuccessful attempts were made along this line. 
I he parent. Bell organization devoted the efforts of a large 
number of its best men to this problem, which was also a 
. Z % k mventors outside of its organization. In the 
f J 1 ® ge f 1 eral scien tific world further interest had been 

mZlZi ty Z 6 reported offer of a capitalist to pay one 
million dollars for a successful invention. 

H T E e Zfi 0n W f finally reach6d by 0ne of the Bel1 engineers, 

an earZrfZ WaS to the Problem in 1903 after 

telephone deSZ^p 111 ^ d6Slgn ° f micr °Pfiones and other 
lephone devices. Previous inventors had combined receivers 
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and transmitters without recognizing that the normal functions 
of their diaphragms were those of sound collecting or emitting 
members and Shreeve omitted these unnecessary features. 

Another difficulty in earlier designs had been the “packing” 
of the carbon of the microphone and one of his first studies 
had to do with its cause and elimination. He found it to be 
due to expansion which was occasioned by the heat liberated in 
the carbon chamber. In his first successful laboratory model 
a stretched steel strip was used as a connecting link between 
the receiver and the microphone and the microphone was 
designed so that the expansion of its parts under the influence 
of heat did not subject the granular carbon between the elec¬ 
trodes to increased pressure. 


RECEIVING WINDING 
MAGNET ADJUSTING SCREW 


Carbon Chamber OF 

TRANSMITTED BUTTON 



FIS. 7 

With this form was obtained our first successful test of 
repeater operation over a telephone line. The device was 
tried in 1904 on a circuit between Amesbury, Massachusetts, 
and Boston and resulted in a greater intelligibility in the 
transmission of long lists of unrelated words than could be 
obtained over the circuit without the repeater. 

The next step was to obtain more perfect quality reproduc¬ 
tion and this was secured by making lighter moving parts and 
increasing the natural frequency of the moving system. The 
next model, shown in Fig. 7, was commercially operated on a 
circuit between New York and Chicago, from August 1904 to 
February, 1905. In this model the packing of the trans¬ 
mitter element was obviated by the thermostatic action of 
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the vibrating disk, and the natural period of the moving parts 
was such as to emphasize the important frequencies of the 
voice. The element was associated with the line by a simple 
bridge circuit which had been patented by Edison in 1883. 
The transmission between New York and Chicago was found 
to be greatly improved. 



fret. LIVING WINDING 



to ^revenf 11 r^° n +- an additional feature was incorporated 

f S0 ' called “Morse thump,” 

rss^r ph • si8naK a =o“ of Tow 

receiving element. This TiTTL TieffiT Tf * me ^ the 

low frequency but was relative^ rffi?Tr currents of 

frequency. ^ efficient for those of voice 
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In spite of the success which was obtained with this first 
repeater installation, the problem was far from being solved. 
In fact, when an attempt was made to reproduce the model, it 
was found extremely difficult to obtain vibrating electrodes, 
which had the necessary thermostatic action in addition to 
other necessary characteristics. An attempt was, therefore, 
made to regulate the sensitiveness of the microphone by more 
positive means and the next model, Fig. 8, had the feature of a 
thermostat in the form of a zinc strip. This zinc strip was 



heated by a coil, which was in series with the microphone, and 
whenever the current through the microphone increased as the 
result of incipient packing it served to withdraw the rear 
electrode. 

This repeater, known as No. I-A, was reasonably satisfactory 
in service until the requirements became more exacting, par¬ 
ticularly in the matter of tandem operation with the attendant 
requirements of improved quality reproduction. An intensive 
study was therefore undertaken, with the result that the natural 
frequency of the vibrating system was raised still higher, the 
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weight of the moving parts was still further reduced and a still 
more sensitive form of regulator adopted. 

Without going into two much detail in regard to intermediate 
steps which were made between the 1-A repeater and the so- 
called 3-A type, which is the present standard for instru¬ 
ments of this type, it will be sufficient to describe the features 

of this latest model and to point out the inherent limitations 
of this class of repeater. 

The 3-A repeater. Fig. 9, is of the so-called “cartridge” 
type and consists of two main parts, the cartridge and the 
socket. The cartridge contains all of the working parts which 
are liable to become defective in service and may readily be 
removed from circuit for the purpose of replacement. It is 
held in place in the socket by a bayonet catch, and electrical 
connections are made to its contact posts by springs in the socket 
The regulating means which serve to maintain the sensTtfve-' 
ness, of the microphone between extremely narrow limits 
consists of an electro-magnet with differential windings. The 
initial magnetic field of the receiving element is the resultant 
field produced by a winding in series with the microphone and 
an opposing winding in shunt with the microphone. If the 

ffi! a /i reS1 , ^ ° f the microphone incre ases, the series wind¬ 
ing takes less current and the shunt winding more or vice 

dSdectmde Chang6S alter the puI1 on the flexible 

J,Z Son Mr ™ t0 regUlate the 0» Che 

thX i ” herent .. defMt “ this ‘» e ° f instrument is the tact 

tfbe,™ rTr™ 63 ' ,a " S °* ,aMdl J' when the input energy 
is oelow a certain minimum. At the nrpQmvi +.* 

pletely satisfactory explanation for this phenomenon ha° S b°een 

advanced. A defect of this character is obXuX serious in 
the operating plant where circuit T f m 

energy- at any given point in SSSSSJSl ° f 

to time. Thus at one moment th J ^ fr ° m time 

may be handling the enenrv from + epeater m a & lve n circuit 

using telephones very neS the termhf a 7 SO f' 3 ® Peaking ]oudl y- 
at the next moment it T? S ° f the circuit - while 

the energy which it receives fromTpifV^ 11 t0 funetion with 
circuits, which in txSi t!? Ph ° neS connect ed to long 

associated. If the persons usin ?i? e + C 1 irCUit with wIl ich it is 
have weak voicef^Thev h ! telephones in this latter 

by talking direetlv into the Wnfi? ^ te ] ephones prop - 

m transmitter, or if the apparatus 
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Fig. 9—Mechanical Type Telephone Repeater Element, Showing 

Socket, Cartridge and Principal Parts 
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or lines themselves are inefficient, it is clear that the energy 
at the repeater terminals may be many times less than that in 
the previous case. Further under those conditions maxi mum 
amplification is the more to be desired so that a repeater 
element whose performance fluctuates with the amount of 
energy which it receives and particularly one whose perfor¬ 
mance is worse when operating with the smallest energy is 
subject to a handicap when it comes to applying it generally 
in the telephone plant. 

The Shreeve type of mechanical repeater is nevertheless 
distinctly serviceable and many units are in co mm ercial 
service. The amplication is not, however, sufficiently inde¬ 
pendent either of the amplitude or of the frequency of the input 
to make them adaptable with best results to use in t an dem, 
although they have been used to advantage on telephone lines 
the length of which did not require more than three repeater 
stations. 

I-B. The application of the principles involved in direct- 
and alternating-current generators to the solution of the 
telephone repeater problem received the attention of some of 
the best minds in the art during the decade following 1900. 
During this time the problem was attacked both theoretically 
and in experimental design by H. S. Warren, M. I. Pupin, and 
others. The practise of power engineers suggested two 
typical methods. 

(1) A generator of which the armature should constitute 
the output circuit of the element and the field winding the 
input circuit. Variations in the field current will result in 
corresponding variations of the armature voltage of such a 
machine. In order, however, that there should not be present 
in the armature voltage variations due to commutation, which 
would result in extraneous noise in the telephone, it is neces¬ 
sary that such a machine have a high frequency of commu¬ 
tation. If this frequency is well above that of the highest 
frequency which is essential to the faithful reproduction of 
the human voice, the noise currents due to commutation may 
be choked out by inductance or filtered out by a periodic 
structure like an artificial loaded line. When it is said that 
frequencies of 2500 cycles per second are required for good 
quality of telephone speech it is evident that for any practical 
design of armature and commutation the peripheral speed 
must approach the allowable mechanical limit. 
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Various unipolar designs were therefore considered in which 
no commutation is required. The principle involved may be 
seen by considering Fig. 10 which shows a form suggested in 
1905 by G. A. Campbell. The field coil M is solenoidal and 
carries fixed disks, w , which serve both as a magnetic core and 
as collectors for the radial e. m. f’s. induced in similar disks, 
tv, attached to the rotating shaft. In machines of this charac¬ 
ter where the field current is only of telephonic magnitude the 
flux is very small and the e. m. f. which may be obtained at 
any mechanically allowable speed of rotation is much below 
that requisite for a successful telephone repeater. In addition 
the eddy current and hysteresis losses are relatively high be- 



PIG. 10 
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losses, of limiting speeds and of small input, were also effective 

in preventing the development of a successful repeater along 
the lines previously followed in the power engineering of al¬ 
ternating currents. 

(3) In 1900, Joseph Lyons disclosed to us his invention, a 
telephone repeater upon the principle developed and patented 
in power engineering by Hutin and Leblanc. The principle 
is perhaps better known as that of the asynchronous generator, 
which is an induction motor driven above synchronism by a 
local source of mechanical energy. The conditions under 
which such a device may serve to supply energy to a trans¬ 
mission line, across which it is connected, are well known to 
electrical engineers. It was Lyons' idea that the stator should 



be bridged across a telephone line and, through the interaction 
of the received current with that .induced in the short-cir¬ 
cuited rotor, should supply to the line additional energy of the 
same wave form as it received. Schematically the circuit 
is as shown in Fig. 11. 

In order, however, to supply energy at any telephone fre¬ 
quency the speed of the rotor must be at least as large as the 
quotient of the given frequency and the number of pairs of 
poles in the stator. Thus in the case of a 12-pole stator a 
frequency of 2400 cycles per second would require a speed of 
400 revolutions per second. Not only are the speed require¬ 
ments too high for practical operation but the machine would 
also fail to meet the second requirement for a repeater. The 
amplification for each frequency would depend upon the 
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definitely established. According to this theory (which is also 
a theory of metallic conduction) metals and conductors of 
electricity contain within their bounding surfaces immense 
numbers of free electrons which behave like the molecules of 
a perfect gas. When a metal is heated the kinetic energy of 
the electrons is increased and the number escaping across the 
boundary surfaces is likewise increased. 

J. J. Thompson outlined the theory in his treatise on con¬ 
duction of electricity through gases as follows: 

“The emission of corpuscles from incandescent metals and 
carbon is readily explained by the view—for which we find 
confirmation in many other phenomena—that corpuscles are 
disseminated through metals and carbon not merely when these 
are incandescent, but at all temperatures, the corpuscles being 
so small are able to move freely through the metal and they 
may thus be supposed to behave like a perfect gas contained 
in a volume equal to that of the metal. The corpuscles are 
attracted by the metal so that to enable them to escape into 
the space surrounding it they must have sufficient kinetic energy 
to carry them through the layer at its surface where its at¬ 
traction of the corpuscle is appreciable. If the average kinetic 
energy of a corpuscle, like that of the molecule of a gas is pro¬ 
portional to the absolute temperature, then, as the temperature 
increases, more and more of the corpuscles will be able to escape 
from the metal into the air outside.” 

In 1904 Wehnelt discovered that the thermionic emission 
from conductors coated with certain oxides was enormously 
greater than that of pure metals. Since that date the study 
of thermionic emission has proceeded most rapidly and the 
practical applications of the phenomena have more than kept 
pace during the last eight years. 

Phenomena due to thermionic emission had, of course, been 
observed for years before a satisfactory theory was advanced. 
The first of these instances was the discovery by Edison in 
1884 of an effect which is now known by his name. He found 
that if a metallic plate is introduced into the bulb of an in¬ 
candescent lamp and if the plate is connected to the positive 
terminal of the filament then a current flows between the plate 
and the filament as maybe observed by a galvanometer inserted 
as shown in Fig. 12. This conductivity of the space between • 
the plate and filament is unilateral, for if the plate is connected 
to the other terminal of the battery no current flows. The 
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explanation of the phenomenon resulted from work of Fleming 
in 1896 and J. J. Thomson in 1899 along lines earlier pursued 
by Elster and Geitel. Fleming studied the operation of a 
two-member vacuum tube device having a heated filament 
and cold plate, and Thomson demonstrated that the mech¬ 
anism of current conduction between the filament and plate 
resulted from the emission of negative electrons from the 
filament. 

Through such a tube a current may flow, since electrons 
may pass and will so do provided the plate is positive with 
respect to the filament and hence such as to attract the electrons 
emitted by the latter. The idea of using such a two-element 
device as a rectifier and hence detector of wireless waves was 
applied independently in 1905 by Wehnelt and by Fleming. 



For the next few years practical progress with thermionic 
devices was in the hands of the radio-engineers. In his 
American Institute of Electrical Engineers' paper of 1906 
DeForest showed that the discharge between the hot cathode 
and the plate can be controlled by additional electrodes. In a 
patent issued the following year he shows inside the bulb such 
a controlling electrode to which he had given the form of a 
grid. With his discovery of a means for controlling the electron 
stream was born the most sensitive of repeating elements. 
Years of careful technical development were required however 
before the original idea had been perfected to the point where 

it met fully all the rigid requirements of application in a com¬ 
mercial telephone plant. 


,, T ° ™ derstan d the development which was required to adapt 
the fat successful form of audion designed for radio-telegraph 
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receiving to this use, we shall first consider in some detail the 
structure and physical principles of the device. 

The “audion” consists of an evacuated vessel containing 
three electrodes, from one of which a thermionic emission of 
electrons is obtainable. Fig. 13 shows the characteristic 
structure. The filament is heated by the passage of a current 
as shown diagrammatically in Fig. 14. The other two electrodes 
are a plate and a grid. If a battery is connected to the filament 
and plate as in Fig. 14, so as to make the latter positive with 
respect to the former, then a current will flow in the circuit so 
formed. The electrons emitted at the filament are drawn across 
the intervening vacuum by the electrical field which the battery, 
B, in the plate circuit establishes. If an e. m. f. is now applied 
between the grid and the filament as by the source marked V 
in the figure, the field between plate and filament is altered and 
the current in the plate circuit is correspondingly altered. If 


0 


the grid is made positive with respect to the filament, more 
electrons are urged across the space between grid and filament. 
While some of this increase strikes the grid, and thus results in 
a current in that circuit, by far the greater number continue 
through the meshes of the grid to the plate. The result is an 
increased current in the plate circuit. Conversely, if the grid 
is made negative there results a decrease in the plate current. 
In this case, however, no current flows in the grid circuit 
because electrons can be drawn to an electrode only if it is 
positive with respect to the source of the electrons. 

The characteristic relation between the grid voltage, V 
and the plate current I B> is that of Fig. 15. If the plate voltage 
is altered the form of the curve is not altered but the ma gnitude 
of the current is changed as illustrated in Fig. 16 which shows 
a family of such characteristics. It is evident from this figure 
that the number of negative volts which must be applied to 
the grid in order to reduce the plate current to zero is always 
the same fraction of the volts applied in the plate circuit. 
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Hence it appears that the current in the plate circuit may be 
altered either by altering the voltage there applied or by a 
much smaller alteration of the voltage applied to the grid 
circuit. The device thus gives a voltage amplification. 

As long as the grid is kept negative no current can flow 
in that circuit and any alterations in its voltage are unac¬ 
companied by any current variation and hence are entirely 
wattless. Such variations are accompanied by current varia¬ 
tions in the plate circuit and result in an energy expenditure 
in that circuit. The telephone efficiency is thus seen to be 
practically infinite since an energy output may be obtained by 
a wattless variation of the input voltage. 

To understand why the characteristic curve of Fig. 15 
flattens out as the grid is made more positive we need only 




to remember that in the passage of a current through the 
plate-filament circuit two physical phenomena are involved. 
The first of these is the thermionic emission of electrons at 
the filament and the second is their enforced and directed transit 
between filament and plate. The emission takes place whether 
or not a voltage is impressed on the plate-filament circuit, and 
depends only upon the filament temperature. The process is 
mud, like evaporation in a dosed vessel and soon reaches a 
statistical equilibrium where electrons are leaving and return 
to the filament at the same rate, that is number per second. 
Impressing a positive potential on the plate disturbs the equi- 
librium for it withdraws electrons from the tube. When this 
voltage is small it withdraws but a relatively small number 
per second; that is the current is small as in the lower portion 
of the characteristic. As the voltage is increased the current, 
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increases but reaches a steady maximum value for a voltage 
sufficient to draw across the interspace as many electrons per 
second as the filament can emit at the operating temperature. 

Although the number of electrons per second which pass 
between filament and plate and hence the current is so limited, 
the velocities with which the individual electrons move will 
continue to increase with the voltage. If there is a residual 
gas in the tube its molecules will be ionized by their collisions 
with the electrons provided the velocities of the latter are 
sufficiently high to disrupt the electronic systems of which these 
molecules are formed. Such ionization, however, increases the 
number of electrical carriers and hence the charge per second 
which may be transferred. The presence of gas in a tube 
is in general, therefore, evidenced by such a characteristic as 
the full line of Fig. 17. 

The voltages involved in the detection of radio signals are 



much smaller than those met with in telephony so that no 
serious inconvenience arises from the presence of residual gas. 
As a consequence, in the production of his early successful 
audions for radio reception DeForest did not find it necessary 
to employ all of the known means for producing, the highest 
possible vacuum. 

In dealing with the very much larger energies which obtain 
under the conditions of telephonic repeater action, it is neces¬ 
sary to adopt methods of manufacture which will insure the 
removal to a high degree of all gaseous material in the tube, 
including that which may be occluded in the walls of the tube 
or the enclosed metallic parts. When such evacuation is ac¬ 
complished all of the advantages of a pure electron discharge 
are retained, even for the higher voltages and currents which 
haye to be dealt with in a telephone repeater. In other words, 
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for a given plate voltage there is obtained a wider range of 
voltage which may be impressed upon the grid without de¬ 
parting from the true thermionic character displayed in Fig. 15. 

In addition to securing the necessary conditions in this 
respect, a large amount of research work has been done by 
the engineers of the Bell System in producing suitable forms 
and proportions of tubes to give the best results with the various 
types of repeater circuits and in devising a type of filament 
which will insure a maximum of life and a minimum of power 
consumption for the amplifying tube and at the same time 
insure a uniform operating characteristic throughout the life 
of the tube. Further than this, the work has resulted in ability 
to produce in quantity tubes of exactly the same characteristics, 
a feature which is of the utmost importance in telephone 
repeater operation but which is of minor importance in radio 
work. Non-uniformity in the tubes would very seriously 
handicap the commercial operation of this type of amplifier 
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on the telephone line to which the device is connected the varia¬ 
tions ixx the plate circuit current from the battery B which 
may be occasioned by any alterations in the potential applied 
to the input circuit. The condenser, however, serves as an 
electron, trap if a sinusoidal e. m. f. is impressed on terminals 
t Thus imagine that the first half wave of the sinusoid 

makes the grid negative with respect to the filament. This 
polarity tends to force electrons from the grid to the filament, 
but, since electrons are not emitted by the grid, no transfer 
takes place. Making the grid negative does, however, reduce 
the current through the plate circuit as we saw in connection 
with. Fig. 15 . Now, the succeeding half wave tends to force 
electrons in the opposite direction, that is from filament to grid, 
which is a possible direction of transfer in this unilateral circuit. 
The individual electrons so transferred to the grid cannot 
pass through the condenser and complete the journey back to 
the filament although others from the opposite plate of the 
condenser may be induced to make the rest of the journey. 
The result is that each positive half wave increases the number 
of electrons on the grid and its adjoining condenser plate and 
thus results in a further increase in negative potential. But 
the more negative the grid becomes the smaller is the current 
in tin e plate circuit and the lower the point on the characteristic 
curve about which we are producing sinusoidal variations. 

O Inviously, such an action is very satisfactory for detecting 
the presence in the input circuit of a train of sinusoidal waves 
of small amplitude since the effect is cumulative. Equally 
obviously, however, such action may absolutely prevent the 
passage through the system of a voice actuated train of waves 
since a word or two may make the grid so negative as to reduce 
practically to zero the plate current upon the variations of 
which tlie transmission of the wave depends. 

The correction of the circuit arrangement by the elimina¬ 
tion of this condenser, which aided distortion, was but a detail 
in the broader research which we have made on the application 
of thermionic devices. This work involved a study of appro¬ 
priate circuits in which these tubes could be used, of ther- 
miorixcs, of methods of producing high vacua, of gages for 
indicating the degree of vacuum obtained, a study of various 
types of filament to secure efficiency and uniformity, and of 
the physical relations in three-element vacuum tubes of the 
geometrical form and separation of the electrodes. Some of 
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these researches as for example those of Van der Bijl, W. 
Wilson, and others have already been published. 

The net result of these researches has been our ability to 
design and construct tubes adapted to any of the purposes of 
the art of communication. In the final form in which we use 
a vacuum tube as a telephone repeater we obtain a characteristic 
relation between input voltage and output current which is 
free from distortion as far as we can recognize such effects. 
This is obtained partly by the design of the tube and partly 
by the proper adaption to it of its associated circuit. 

In the first place we arrange that the repeater shall have 
a constant and finite input impedance by bridging between 
grid and filament a high resistance. To this resistance cur¬ 
rent is supplied by a step-up transformer as indicated in 
Fig. 19. The voltage effective in the grid-filament circuit is 
then the drop across the resistance. In the second place we 



Fig. 19 


generally arrange that the grid shall not be positive at any 
time in the cycle of the impressed voltage. This is accom¬ 
plished by inserting a battery, C, in the grid circuit. In 
this way the tube acts as a device for amplifying the impressed 

voltage and introduces no distortion due to the unila teral 
conductivity of the grid circuit. 


The characteristic relation between grid voltage and plate 
current whwh is shown in the curves of Fig. 16 is obviously 
not that of a perfect repeater since there is not a linear re¬ 
lation between input voltage and output current. The volt- 

tvff S , m , dlcated . on these curves are those of the battery in 
tainells thTof ‘T^ 0 " U " d<ir Which they were ° b ~ 

cSt » i ” al reslstance in Ms battery cir- 

cult so that the voltages are really those which are effective 
between the plate and filament within the tube The values 

of the current in these plots are due to the combined actions 

of this effective voltage anrf u ■ nea , lons 

vc voitage and of the voltage impressed upon 
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the grid circuit. For each of these curves the effective 
plate voltage is constant and the curve gives the relation be¬ 
tween the input voltage and the output current. If, however, 
there is external resistance in the plate circuit, then the effective 
voltage between the plate and the filament will not be that of 
the battery, but will be less by the amount of the IR drop 
in the external circuit. An increase in the grid voltage will 
not, then produce as large an increase in plate current be¬ 
cause such an increase as it would produce if the plate voltage 
was constant is partially neutralized by the decrease in the 
effective plate voltage which the IR drop occasions. The 
result is that by properly proportioning the external resistance 
of the plate-filament circuit we may obtain a characteristic 
relation between grid voltage and plate current which is es¬ 
sentially linear as shown by the full line curve of Fig. 20. 

The requirements for a telephone repeater stated above are 



thus fully met in our construction of the audion and in the 
circuit arrangement for its operation. In later portions of 
this paper we shall meet illustrations of its perfection in the 
report of experiments and commercial operation. 

In the case of the audion the control of the electron stream 
is electrostatic. It is possible, of course, to control such a 
stream by electromagnetic means since the stream is really 
a current. Such a control, is, however, inherently less efficient 
and sensitive than that of the voltage actuated device described. 
We shall, therefore, give no detailed discussion of such methods 
but will pass at once to the discussion of devices in which the 
presence of gas molecules results in an ionization and the con¬ 
sequent presence in the tube of positive carriers of molecular 
size as well as negative electrons. 

III. The distinction between electronic and gaseous re¬ 
peating elements is not a matter of the presence or absence of 
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gas since an absolute vacuum is unobtainable. It is rather a 
matter of whether or not gas is an irrelevant and undesirable 
element or an indispensable one. In the vacuum tube of 
DeForest, gas was not indispensable as we have seen and such 
gas as was residual limited the range of voltages, throughout 
which the tube had-the desired characteristics when used as 
a repeater. 

III-A. In the repeating element of von Lieben which was 

invented in Europe somewhat later than the time the audion 

was produced here, gas is an essential constituent. This device 

has a Wehnelt cathode, that is a filament coated with oxides 

of the alkaline earths from which electrons are thermionically 

emitted. The function of the cathode is not, however, to 

provide all the carriers as in the case of the filament of the 

audion but rather to provide means for ionizing the gas present 
in the tube. 


The tube is a three-element device and has in addition to 
the thermionic cathode, an anode of aluminum (corresponding 
to the plate of the audion), and an intermediate sieve-like 
electrode m the form of a perforated aluminum disk. 

I he function of the sieve is to control the discharge which 
takes place between the anode and the cathode, in case a po¬ 
tential is properly applied. The stream of electrons which 
proceeds from the cathode to the anode is impeded by the 

r P e r sulTin + molecales - The consequent collisions will 

the i°“zation of some of the gas molecules if the 

iotentkl 1y , h !f h ^ tMs velocit y depends upon the 
in the nreleut ^ the circuit - The ionization results 
creasW tl! f 0re electrons which are available for in- 

of molecular STTT alS ° m the presence of Positive ions 

opSs te Section' ttT aVailable but move in the 

pposite direction. The introduction of a potential hetwpon 

mo, &1 I™ ° £ “ cHhe 

and repeilinStST^" 118 ’ 

in relatively large chanWSri,?— . h S16Ve may result 
current in the anode circuit. TheT^ 10 * 1 ^ T 06 the 
used to give amplification but for reasons TrT er ® fore ’ be 

P » “ ndapted to telephonic Tori ^ 

one Wnd oo „ tt e r wi,, Ste^Srf 
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here will be a current in that circuit which will depend for 
its direction upon the polarity of the applied voltage and for 
its amount upon the conductivity of the gaseous space within 
the tube. If the cathode and sieve are used as the input cir- 
tuit, corresponding to the filament-grid circuit of the audion, 
then it is evident that the impedance of this input circuit will 
vary with the impressed voltage. Such a variation will result 
in a serious distortion and is not in conformity with our re¬ 
quirements for a repeating element. 

The presence of both kinds of carriers makes impossible the 
simple expedient which is so valuable in the case of the audion 
where the unilateral conductivity of the grid-filament circuit 
is utilized. Further the pressure of the gas within the tubes 
is subject to fluctuations which it is almost impossible to con¬ 
trol. This results in large variation in amplification. In com¬ 
parison with the electronic device the von Lieben tube is 
seriously deficient as a telephone repeater, and the electro¬ 
static control of gaseous devices has not been found capable 
of as efficient and simple application to telephonic problems 
as is the electrostatic control of electronic devices. 

III-B. The electromagnetic control of gaseous devices has 
likewise been investigated for telephonic purposes. The op¬ 
positely moving streams of positive and negative carriers 
will be deflected in the same direction by an electro-magnetic 
field. Provided that the motion of such a discharge stream 
may be made to alter properly the conductivity of either the 
circuit of the discharge itself or of some auxiliary circuit, a 
repeating element may be formed. 

Some of the early work on such systems is that of Hewitt 
whose experiments on mercury vapor arcs are well known. 
The method which he proposed to employ may be seen from 
Fig. 21, where is shown a tube containing mercury vapor 
through which a current is passing from the battery B. A 
receiver is connected in series with the battery and the arc. 
The arc stream itself is controlled by the electromagnet which 
is excited by the transmitter. * This arrangement, which is 
essentially a very insensitive unilateral repeating device, has 
never, so far as is known, been made to function as a telephone 
amplifier. In addition to its inefficiency, this arrangement is 
undesirable because of noise, distortion and variable amplifica¬ 
tion. 

A later step in the development of an electromagnetically 
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conirol^d mercury arc repeater was taken by Dr H n 
Arnold. He utilized an auxiliarv t *? y ° H ‘ D - 

so disposed it that its conductivity was altered’tatotf" T* 
to the motion of the ate stream, tn the gS“dStSS 
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“S;!Twi“ d » Arnold 

to?h e e ?*£££ ££**£■* * f *“ »*• 

aes three electrodes, one about 



Fiq.2Z 


the center of the stream and the other - , 

equally spaced on opposite side, QC C T U ? approximately 
of the tube in Fig. 22 the main ar , hown . by a cross section 

to the plane of the diagram Th c stream being' perpendicular 

dlagram ‘ The electromagnet is in the plane 
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of these electrodes and thus serves to deflect the main arc 
stream toward one or the other of the side electrodes depending 
upon the polarity of the magnet. The ions in the main arc 
stream are available carriers for current between these elec¬ 
trodes and the central electrode if a potential is maintained 
between them as by the battery, B. 

In the normal condition, when the arc is undeflected, similar 
portions of the arc stream are included between the center 
electrode and each of the side electrodes. The conductivity of 
the two paths thus offered to the potential of the battery are 
then equal and there is no difference of potential between the 
terminals m, n of the coil, to the center tap of which the battery 


fig. 2.3 


is connected. In so far as the conductivities of these two 
branches of this bridge circuit tend to vary as the result of varia¬ 
tions in the ionizations of the arc stream no difference of po¬ 
tential will be produced between the terminals of the coil, 
since both conducting branches will tend to vary similarly 
due to a common cause. Fortuitous variations in the arc 
stream are, therefore, not repeated in the external circuit and 
the difficulty of arc noise is practically eliminated. When, 
however, the arc stream is deflected by the voice actuated 
electromagnet, the conductivities of the two branches are op¬ 
positely changed and a resultant current circulates. 

The device as originally described for patent is shown in 
Fig. 23. An auxiliary anode, formed by a mercury electrode 
shown at A' is used for starting the arc stream. In this form 
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the arc is struck by tilting the tube and allowing the mercurv 
o f the anode s- to run into contact with that* of the mZ 
cathode G. As the tube is restored to its vertical position an 
arc is formed between A' and C, provided that the key K, 

? as b f“ cosed ; OP en ing the circuit at K allows the arc to 
iorm between C and A. 

is St? aSe T S de r k ' e is ca P able of g°od amplification and 
uJ I ?!uT -' dlsto / tlon exce Pt such as may be introduced 
identic J f ° f the electromagnet may not be 
DerimSLu f, ° f a telephone line. It was tried out ex- 
anyTngth 0 f°ti™ P fI *™ 8 but has never been used for 
supervision Fn 6 an , ben only under special engineering 

anflong dkt J° eXampI \ UmtS Were installed on the import- 

cTs o bu g t tTZ ClrCUlt I b6tWeen NeW York and San Fran- 
ttt e r Used commercially. 

C * The third type of gaseous device which we have in- 
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that of Fig. 24, where theord^teTZTth 01 '- “ ^ Stream is 
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andusual^ense ^ r t ti0n Volta * e 
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Fils s red ~ss:s e at lesst f h T 

negative. Th°eSSe “hfifSf' 

its condition is thus to be coLideJed nf t “ *° a chaB S e in 
If an arc is connected in series negatlve - 
source of potential, as shown in t? a !f“ ic resistance and a 
t hat suggested at one time by Hewitf’ / hich is essentially 

” m an end ^ ** 
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tic, has the effect of making the total resistance in the circuit 
appear to be less when small current variations exist in the 
circuit than when steady conditions exist. 

The reason for this is that any small increase in current is 
accompanied by a decrease in the voltage across the arc itself, 
thus leaving a still greater voltage across the ohmic resistance 
than would be obtained if the circuit consisted merely of ele¬ 
ments obeying Ohm’s law. If the source, V, is a transmitter 
and if there is in the circuit also a receiver, then it follows that 
the energy received by the latter may, under proper conditions, 
be greater than that delivered to the circuit by the transmitter. 
In other words there is a possible telephonic amplification. 

The magnitude of the amplification with the Hewitt device 
obviously depends upon the relative magnitudes of the negative 



resistance and the external ohmic resistance. The external 
resistance may in part be that of a telephone line and for that 
reason this method has been considered as a means of producing 
telephonic amplification. The negative resistance of the arc 
can never do more than remove some of the effects of the 
external resistance. If it could do more, of course, the circuit 
would “sing.” We have found in practise that the system can 
never increase the loudness of telephone speech unless the line 
resistance itself is sufficient to stabilize the arc. In practise the 
arc would have to be connected to various telephone lines, each 
having different characteristics, and in order that an arc which 
will amplify, when connected to a high resistance line, shall not 
“sing” when connected to a line of lower resistance, a certain 
amount of extra external resistance has to be added to the arc 
circuit, which resistance will be different for each different type 
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of line. For practical telephony, therefore, this negative resist¬ 
ance device is not of service. 

Even if the possible amplification were sufficient under actual 
conditions there would still remain the fact that the dynamic 
characteristic of the arc varies with the frequency of the im¬ 
pressed telephonic waves, giving prohibitive distortion and 
variable amplification. Further, in common with the other 
ypes o gaseous discharge apparatus which we have considered 

above, the negative resistance device would be too unsteady 
for practical use. 


The two devices which we have found practicable under the 
exacting requirements of commercial telephone service are the 

ei ? ment and the three eiectr ° de vacuum 
with , The electromagnetically controlled arc stream 

with auxiliary electrodes, which, as indicated above, has been 
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"booster.” Fig. 26 shows one form of series booster, in which 
the input and output of the element are connected in series with 
each other and with the line. A form of shunt booster is 
similarly indicated in Fig. 27. A large number of other for ms 
of booster circuit are possible. Negative resistance devices 
are by their nature adapted to the booster scheme of connection. 

In the case of booster circuits there is, for operation without 
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FIG. 27 


singing, a limiting relationship between the amplification for 
which the element is adjusted and the impedance of the line in 
which it is connected. Part or all of the output currents from 
the element must flow through the input circuit of the element 
itself, and thus the amplification of the incoming telephonic 
current depends upon the “building up” of currents in the 
circuit by the interaction of input and output. It is obvious 


LineWesi 



line East 


that if the lines do not offer a sufficient load such a circuit with 
ts element may act as an oscillation generator, that is, there 
may be singing. 

The third type of repeater circuit is somewhat analogous to 
the single line repeater of telegraph practise. Incoming voice 
currents operate sensitive relays which switch the terminals of ' 
the element according to the direction from which the voice 
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currents originate so that the circuit is equivalent at any instant 
to a one-way repeater circuit. 

These types of circuit, which do not depend upon balance, 
have in general been found not so desirable for practical use as 
the bridge type of duplex circuit and will not be discussed in 
further detail. 

Of the bridge type we may distinguish two classes depending 
upon whether a single repeater element is used to amplify 
transmission in the two directions or whether separate elements 
are used for the opposite directions. The typical circuit shown 
in Fig. 28 is obviously of the first class. Such circuits we may 
call “21-type,” indicating two-way, one-element circuits. The 
other class, which we shall discuss a little later, is generally 

known as the “ 22 -type”, since it is a two-way, two-element 
c : rcuit. 



- Th ! ™? ut „ and out Put terminals of the element in th'e 21 tvne 

T ° b lr y be Ranged wittoutaltering 

transmits to thTtoo in 2 T T't th ? element 

choice between these two connections is influenced lamelv hv 
he ease with which, through the 

the input and output impedances of the element mav hi mode 

similar to the impedances of the network Tn IS *?}if 
connected. network to which they are 

A practical form of the 21 circuit is shown in Fie 29 with it« 

associated vacuum tube amnlifW tv,T g ' 9 th ts 

ue am Puner. The incoming energy is 
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supplied through an input repeating coil, between which and the 
telephone lines is interposed a “filter,” not shown in the figure. 
This filter, of which many satisfactory types have been invented 
by Dr. G. A. Campbell, is a physically periodic structure, con¬ 
sisting of similar networks in series, which is so designed as to 
discriminate against the passage of sinusoidal currents of 
frequencies above or below the necessary telephone range and 
thus prevents the element from receiving currents which arise 
from the simultaneous use of the metallic circuits of the tele¬ 
phone line for telegraph currents or other signal currents. The 
potentiometer is introduced to regulate the gain occasioned by 
the element. Retardation coils and condensers serve to 
prevent cross-talk into adjacent telephone circuits and to 
permit the use ol a common battery to supply all the repeater 
sets at any repeater station. A rheostat is also introduced, as 
shown, to control the heating of the filament and thus its 
thermionic emission. 

Before proceeding to describe the 22 type circuit we may 
well restate the physical operation of the 21 type in terms 
somewhat different from those used in our introductory dis¬ 
cussion of the circuit. Let us follow the telephone current, 
assuming for the moment that it is traveling from west to east. 
The current that comes to the repeater from the west is partly 
transmitted through the circuit to the line east but the larger 
part of it is divided between the input and output circuits of 
the telephone repeater element. The energy which flows into 
the output circuit is merely dissipated. The energy which 
flows into the input circuit is amplified by the repeater element 
and the amplified current passes to the “output coil.” At this 
point if the line west and the line east are similar in characteris¬ 
tics, the energy divides, half going to the east and half to the 
west. The half that goes west, that is, towards the direction 
from which the transmission came, serves no useful purpose. 
The half that goes east (combined with the small amount of 
energy that passed directly through the repeater) may be many 
times larger than the original energy coming from line west and 
is the useful amplified transmission. 

When the lines west and east are identical in characteristics, 
it is evident by symmetry that there is no voltage set up across 
the input circuit, and there is, therefore, no possibility of a 
“singing” condition no matter how large amplifications are 
employed. This circuit therefore permits two-way transmis¬ 
sion over similar lines. 
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In case, however, the line west and the line east are different 
in their impedance characteristics for any part of the telephone 
frequency range, then for such frequencies there will be voltages 
set up across the input circuit due to current flowing from the 
output circuit and a tendency towards singing and distortion. 
The conditions which hold when such unbalances exist will be 
discussed later. 

The duplex bridge circuit, as we saw from our earliest dis¬ 
cussion, is applicable as a terminal circuit whereby two-way 
transmission may be had over a single pair of wires. (See Fig*. 
3). In such operation the telephone line is balanced by the 
inclusion in the opposite arm of the bridge of an artificial line of 
similar impedance-frequency characteristic. At a repeater 
station we may, therefore, terminate both incoming lines by 
ridge circuits, balance each line by an artificial line, and 
operate both lines as a through circuit for two-way conversa- 
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network east. Assuming again the transmission to be 
coming from the west, we trace the currents through the re¬ 
peater circuit as follows i A small part of the energy goes 
through into the network west; the largest part, however, is 
divided between the input circuit of repeater No. 1 and the 
output circuit of repeater No. 2. That part which enters the 
output circuit of repeater No. 2 is dissipated without doing 
useful work. The part reaching the input of repeater No. 1 is 
amplified and the amplified energy flows through the output 
transformer connected to line east. The “network east” is 
made to have as nearly as possible the same impedance as the 
actual line for the full range of telephone frequencies. If the 
balance were perfect, there would be no voltage whatever set 
up across the input circuit of repeater No. 2, and therefore no 

possibility of setting up a singing condition whatever values of 
amplification were used. 

Actually, however the balance can never be absolutely 
perfect, so that there will be a certain voltage set up across 
this input. This will, in turn, be amplified by repeater No. 2. 
These amplified currents will then flow through the output 
transformer connected to the line west. If the “network 
west has exactly the same impedance as the line west, then 
the energy will equally divide between the two and there 
will be no voltage set up across the input circuit of repeater 
No. 1. This condition will then prevent any possibility of 
a singing condition being set up. Again, however, there will 
be in any practical case some unbalance so that a small voltage 
will be set up across this input circuit. If the two unbalances 
involved (i. e. line east against “network east” and line west 
against “network west”) are sufficiently large, it is evident 
that the telephone currents have a closed path through the 
two repeaters and through these unbalances so that a singing 
condition may be set up. 

This circuit is, however, very much more stable than the 21- 
type circuit. It will be noted that if either of the networks 
exactly balances its line, there may be any degree whatever 
of unbalance between the other network and its line without 
permitting singing. In general, the fact that the singing 
condition requires two unbalances simultaneously leads to a 
more stable condition. 

There is another property of the 22-type circuit which is of 
great importance in connection with tandem operation of. 
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repeaters, that is, when two or more repeaters are used at 
different points in a line. As pointed out, transmission coming 
from the line west and reaching a 21-type repeater, as in Fig. 
28, will result in an amplified current being sent out towards 
line east; but it will also result in an equally large current 
being sent back into line west. In the case of the 22-type, 
however, if the transmission comes in from line west and the 
balance between network east and line east is good, there will 
be very little energy sent back into line west. As will be 
pointed out in more detail below, under ''Tandem Operation 
of Repeaters,” this feature has a large advantage as the energy 
sent back into line west would react on any other repeater which 
was in circuit in that direction. 

A 22-type circuit with vacuum tube repeater elements con¬ 
nected into it is shown in Fig. 31. 

In connection with the presentation of the 22-type circuit 
it is interesting to note that this circuit, which is today the 
best known means of producing two-way telephone repeater 
with one-way amplifying devices, is the invention 
o Mr. W. L. Richards, one of the engineers of the Bell System, 
w o devised and patented the arrangement in 1895-.-years 

before successful telephone repeaters were available for utiliza¬ 
tion m telephone systems. 
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Let us consider, therefore, what the impedance of a telephone 
circuit looks like as seen from the repeater terminals. 

Telephone Line Impedance 

If we take a very long No. 8 B. w. g. open wire circuit, which 
is the largest size of copper in general use in the telephone art, 
and suppose this circuit to be absolutely uniform in its charac¬ 
teristics, then its impedance, that is, the ratio of the voltage 
applied across it to the current entering it will be as shown by 
Curves 1 and 2 in Fig. 32, in which curve 1 gives the resistance 
and curve 2 the negative reactance of the impedance. 

For such a line we can make up a very simple form of net- 
work which has approximately the same impedance and can 
be used for balancing in a repeater circuit. Curves No. 3 
and 4 of Fig. 32 indicate the impedance of a network consisting 



merely of a condenser in series with resistance. It will be noted 
that even this simple circuit is a very good approximation of 
the impedance of a long line except at low frequencies. Curves 
Nos. 5 and 6 show the impedance of a somewhat more com¬ 
plicated network, as indicated on the diagram, which gives a 

very good approximation over the whole telephone frequency 
range. 

J' 11 a P rac ^ical case every line has slight irregularities which 
affect somewhat its impedance. An impedance curve for an 
actual line which is, however, comparatively regular, is shown 
by curves 1 and 2 of Fig. 33. The measurements on this line 
were made with the end of it closed through an impedance 
similar to that of a long length of the line itself. Curves 5 
and 6 are copied in from Fig. 32 for comparison. 
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It is difficult, however, to keep a, long open wire circuit frep 
from short stretches of cable. Fig. 34 shows both com! 
ponents of the impedance of a bio. 8 gage circuit having a 
total length of about 165 miles with the distant end closed as 
before through an impedance equal to that of a long length 
of the line itself, but with 134 miles of underground cable at 

a point 105 miles from the end at which the measurements were 
made. 

It would evidently be more difficult to make a network having 
the same impedance as this. It can be done, however, fairly 
simply by building an artificial line representing the 105 miles 
from the sending end to the place where the cable is located, 
putting in series an artificial line representing the cable, and 
putting beyond the artificial line an impedance network simu¬ 



lating the impedance of a long line, which might be in this case 
merely a resistance in series with a condenser. 

If a line has many irregularities, however, the setting up of a 
balancing network, while always theoretically possible, would 
become very expensive and inconvenient. A fundamental 
requirement, then, in obtaining good repeater action on a line 
is the maintenance of a high degree of uniformity in the elec¬ 
trical characteristics of the line. 

In this particular case the irregularity caused by the cable 
can, to a considerable extent, be overcome by inserting in the 
cable one or more loading coils to make the impedance of the 
cable approximately that of the open wire line. In this actual 
case a single coil was cut into the cable near its mid-point, and 
the measured impedance after this had been done is indicated 
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in Fig. 35. In this figure the curves after loading are shown in 
heavy lines and the old curves are indicated in lighter lines for 
comparison. 

In the case of loaded lines the problem of maintaining 
sufficient regularity in the electrical characteristics to give a 
satisfactory impedance curve becomes considerably more 
difficult, due to variations in the inductances of the loading coils 
and in the distances between these coils. To illustrate this a 
number of impedance curves of loaded circuits will be given 
showing the effects of their irregularities on the impedance 
characteristics. In these curves, for simplicity, only the resist¬ 
ance component will be shown, as the reactive component is 
considerably smaller and goes through about the same irregu¬ 
larities as does the resistance curve. 



Fig. 34—Harrisburg to Pole 400 Newark, Wires 23/24 

Coil out at Easton , 

Fig. 36 shows an impedance characteristic of an open wire 
line loaded at approximately 8-mile intervals with loading coils 
having approximately M henry each. This circuit would give 
commercial service from a transmission standpoint. It will be 
noted, however, that its impedance characteristic is extremely 
irregular, and it would be difficult to obtain gains from a tele¬ 
phone repeater operated in conjunction with it. 

Fig. 37 shows the resistance of a circuit of similar constants 
representing a less extreme condition of irregularity. This 
would have been considered, before the advent of repeaters, a 
reasonably good circuit so far as irregularity is concerned. 
These irregularities were due largely to comparatively small 
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variations in spacing of loading coils and in the inductances of 
the loading coils. Loading coils have to be placed on a tele¬ 
phone circuit at particular points in the transposition layout of 
the circuit in order to prevent crosstalk between it and other 
circuits on the same lead. It is difficult, however, exactly to 
space transpositions in view of the variations in the route taken 
by a line, lengths of cable, junction points with other lines, etc. 
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Fig. 36— Section of Transcontinental Circuit 
Pittsburgh to New York before Clearing Up 


nrhis led in the past to variations in the lengths between the 
successive loading points. Aerial loading coils are exposed to 
current surges due to lightning, and with some of the types of 
coils which have been put into use this has led to variations in 
their inductances. For any given frequency it may be that 
the effect of a large number of such irregularities are cumulative 
in raising the impedance of the circuit for that frequency, 
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whereas with another frequency only slightly removed from the 
first, the effect of the irregularities may be to reduce the impe¬ 
dance. The result then with such impedance is indicated in 
Fig. 37 where the variation was due not to a few large irregu¬ 
larities, but to a large number of small irregularities. 

This particular circuit was one of those entering into the 
transcontinental line, so that it was very carefully gone over, 
retransposed where necessary, the loading coils replaced by 



Pro. .37— Section .of Transcontinental Circuit Pitts¬ 
burgh to Chicago before “Clearing',Up” 

• ml 



Fig. 38-Section oe Transcontinental Circuit-Pittsburgh to Chi- 

CAGO AFTER “CLEARING Up” 


fonnrty 1 an™ ^thl P “f? ularly de ^e of stability and uni- 

,,. ^ s P&cmgs made very uniform The reomU nf 

th 1S work is indicated in Fig. 38 in wMch the Zk lie shows thf 
impedance after this work had been done and thl * 

a repetition of Fig. 37 for comparison Th/ th ! me 1S 
permit of large gains with repXrs ^ n ° W 

In the cases where a large variation in impedance is due tn 
one or more large irree-ulnrWaa -m, • , dnce ls aue to 

offer a very interesting^ * ’ th lmpedance cur ™s often 

ery interesting and convenient method of determining 
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the point at which irregularity exists. For example: Fig. 39 
shows the impedance of a circuit .as measured from one end, 
the large wave-like variation being due to defective apparatus 
at some point in the circuit. By measuring the frequency 
range between successive “humps” on this “wave” it is possible 
to determine the distance from the sending end to the point of 
irregularity. In practical work many cases have arisen where 
omitted or defective coils or other irregularities have been 
located in position by this method. 

In maintaining this uniformity of the characteristics of the 
line, one of the largest difficulties is caring for short lengths of 



Fig. 39 —Loaded No. 8 Gage Open Wire Line 

Note: This irregularity was caused by defective apparatus located at a distance of 
about 15 sections from terminals at which measurements were made. 


cable which may occur in the line at river crossings, in going 
through towns, etc. It has sometimes been difficult to explain 
to those outside of the telephone field, but who are acquainted 
with the fact that by loading and telephone repeaters we can 
talk through long lengths of cable, why it is that we have so 
much difficulty with short lengths of cable which come into our 
open wire circuits, and why we are averse to cutting such short 
lengths into important long distance lines at villages and at 
crossings of railroads, power lines, etc. Considering, however, 
that a 500-ft. length of cable has as much capacity as three- 
quarters of a mile of open wire, it is evident that even a short 
length of cable has a very large effect on the operation of any 




*}. M, * 
* I«.1 1 * 


<f / / ft* .'! I?? p! i \ u J /; M'/, /’/’■ 



fm m 


/ * * 
Vi 


repoaf.(*r on tho line. In laying out a eireuit, surii s 
oi cable can bo partially correctet{ fur in iha ¥ <|i 

loading coils. Changes made after a line is laid nut are o 
course much more difficult to lake care <»f. 

cable circuits the problem of maintainin',; uniformity ii 
iar to that of open wire lines, requiring wry aceurati 
spacing ol the loading coils and requiring loading coils of ver . 
uniform charaeteristics and ot high electrica! stability 

w> 

1 'AI.ANl '!\t; A IJTJt I* ‘l.\t. I .INKS 

Assuming, then, in any case, that the lines have boon made as 
uniform electrically as is economical, there is the problem o! 
constt u( tin,;.; ,u tilicial lines :or networks, as they are genenilh 
) which shall have within a desired degree the same impe- 
<inc e as tire actual line. It should he noted that t hese artificial 
cic» not. need to have transmission characteristics cor¬ 
responding to the; actual lines, but need to have only the,same 

impedance characteristics. 

A very simple form is that indicated above for use in halanc- 
my a non-loaded open wire line, consisting of a single resistance 
m senes with a single capacity. As already noted, a better 
approximation for a non-loaded open wire line can be made by 
adding another resistance and condenser as shown in* Fig. 32. 

For loaded lines, it is necessary jo use a somewhat more 
complex artificial line, although here again the basic form is 
comparatively simple. Fig. 10 shows in light lines for com¬ 
parison an impedance curve much like that of Fig. 3 s, and in 
heavier lines, the impedance of ;m artificial line consisting of 
.wo condense! s, a resistance and two inductance coils arranged 
as indicated by the diagram in t his figure. For completeness 

both the resistance and reactance of the impedance are shown 
m the figure. 

In the case of a loaded line the impedance depends very 
markedly on the place in the loading section from which the 
circuit is measured. In practise lines are generally terminated 
either at mid-section or at mid-coil, since these points are 
symme .uca points in the loading and make for maximum 

• BX l n * ^ 10 connec *'* n f? circuits together. Most of the figures 
in this paper were taken at mid-coil. 

It is evidently necessary that the balancing line should 
ciancc no only the actual line itself, but any apparatus 

6 cm w 6 ?f e ant * point at which t he repeater is applied, 
so a- a coils, composite sets or other devices used in series 
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with the line must be, with the necessary precision, balanced 
in the artificial lines by corresponding coils, condensers, etc. 

Tandem Operation of Repeaters 

The above discussion has referred particularly to the opera¬ 
tion of a single repeater in a circuit. Where several repeaters 
are used in tandem at different points in a circuit, the same 
considerations are involved. In addition there is the further 
consideration that not only can circulating currents be set up 
involving each repeater by itself, and which may lead to 
“howling,” or to distortion in quality, but such circulating 
currents may follow paths involving any two or more of the 



repeaters operating in conjunction. As noted above, the 
type circuit involving artificial balancing lines has a large 
advantage over the 21 type for tandem operation, due to the 
fact that transmission entering it from either direction does no 
cause a large amount of energy to be thrown back in the same 
direction, as is the case with the 21 type circuit. There is thus 
very much less interaction between the repeaters with the 22 

^Effective tandem operation of repeaters requires, therefore, 
a high degree of electrical uniformity, and also requires that 
the reflection effects between the repeaters and their connec e 
lines shall be reduced as much as possible, so that each repea er 
brings in as little irregularity to its adjacent repeaters as 

possible. 
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The Four-Wire Circuit 

In the above we have considered the application of repeaters 
in ordinary circuits in which the same pair of wires is used for 
transmission east as is used for transmission west. After the 
above discussion regarding balance, it is evident that there 
would be considerable advantage in transmission if separate 
pairs of wires were used for transmission east and for transmis¬ 
sion west. A circuit of this type, designated as a “four-wire 
circuit,” is shown diagrammatically in Fig. 41. 

The term “four-wire” does not mean necessarily that four 
wires are used, but that different circuits are used for trans¬ 
mission east and transmission west. Each of these circuits 
may comprise a pair of wires, or may be a phantom circuit, etc. 

. In a circuit of this kind there will be one-way repeaters in 
each of the two branches. The two branches must be brought 
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circulating currents even when the amplifications and balance 

are not such as to produce singing. 

Circuits of this kind evidently use twice as many wires as 
ordinary circuits. They permit, however, the use of smaller 
wires. It is a question of economics then, as to whether a 
circuit of this kind proves in in any practical case. For long 
distance cable operation, and for other special cases, there are 
conditions where we find that these four-wire circuits have a 
field of use. 

Method of Applying Repeaters 

In the practical operation of repeaters there are two methods 
of connecting them into lines which have come into general use. 
These are: 

(a) “Through line repeaters.” 

(b) “Cord circuit repeaters.” 

The through line repeater is one which is associated with a 
particular line and connected directly into the line. The 
operators, therefore, have no control over it. It is generally 
set to give a definite amplification, depending on the characteris¬ 
tics of the line. 

The cord circuit repeater is connected into a cord circuit 
under the control of an operator. The two ends of the circuit 
generally appear before the operator as two plugs which she 
may connect into any pair of circuits terminating before her 
which are in proper shape for repeater operation. The ampli- 
fieation given by the repeater is generally under her control, 
the amplification in each case depending on the pair of circuits 
which is connected together. 

Where the circuits which may be used with a cord circuit 
repeater vary considerably in characteristics, so that the same 
artificial balancing lines will not work satisfactorily with all 
of them, various arrangements are used so that proper balancing 
lines will be connected into the circuit corresponding to the 
actual lines to which the circuit is connected. The commonest 
arrangement for doing this consists in having a jack in the 
switchboard immediately below each jack to which a toll line 
connects. This extra jack has connected to it an artificial line 
corresponding to the actual line. The repeater circuit then 
terminates in double plugs so arranged as to pick up both the 
actual and artificial lines simultaneously. 
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Practical Results Obtained 

As already noted, the amount of gain which may be obtained 
in any practical case now depends almost entirely on the 
degree of electrical “uniformity” which it is economical to 
maintain in the telephone circuits to which the repeaters are 
connected, since we can obtain within practical limits as large 
amplifications in the repeater elements as we desire. 

We have already indicated the large effect which this elec¬ 
trical uniformity requirement has had on the design of loading 
coils, and on practises with regard to their use. About every 
feature of open wire and cable construction and office equip¬ 
ment which affects the electrical characteristics of the circuits 
has been in some way affected by this repeater requirement. 
Not only in the design and construction, but also in the daily 
operation and maintenance of circuits with repeaters, this 
requirement has to be kept constantly in mind. 

At the present time more than 1000 telephone repeaters are 
in service in the plant. We now will describe a number of 
typical repeater circuits and will indicate the results which are 
being obtained. 

Transcontinental Line 

The circuit over which transmission is given between the 
cities along the eastern coast and the Pacific coast cities is 
shown diagrammatically in Fig. 42. Originally there were 
three repeaters used in this circuit, located at Pittsburgh, 
Omaha and Salt Lake City. Since that date, largely for 
flexibility in switching traffic, the number has been increased to 
six located at Pittsburgh, Chicago, Omaha, Denver, Salt Lake 
City and Winnemucca. The total gains were only slightly 
increased by the change. The circuit consists of No. 8 B. w. g. 
copper conductors loaded at eight-mile intervals with coils of 
one-fourth henry each. This gives a line equivalent of 56 
miles of standard 19 gage cable. There is a further transmis¬ 
sion loss due to composite and other apparatus of about 7 miles, 
the total equivalent being, therefore, about 63 miles. This is 
reduced by repeaters to a resultant equivalent of 21 miles, 
which is, therefore, about one-third of the equivalent without 
repeaters. 

The drawing shows the important points on the line, indicates 
the positions of telephone and telegraph repeaters and indicates 
the compositing apparatus used in separating the telegraph and 
telephone currents. 
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Boston-Washington Cable 
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these large cities along the Atlantic seaboard. 
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ci les along the route of this cable. At two places, n< 
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building ° peratl0n ' Fig. 43 shows an illustration * * 
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W0 ?l ng at Keeton. The ultimate cal' 
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The longest circuits electrically, that is, those having the 
greatest attenuation, which have been operated with repeaters 
along this route, are New York-Washington circuits, consisting 
of No. 19 gage cable loaded with coils of about one-fourth henry 
inductance, spaced at intervals of about 1.16 miles. The 
distance is about 225 miles. This gives a line equivalent of 
about 62 miles standard cable. By the use of four repeaters 
at Princeton, Philadelphia, Elkton, and Baltimore, the equiv¬ 
alent of this circuit is reduced to about 13 miles of standard 
cable. 

The above circuits make use of the 22-type repeaters. 
Where there is but one repeater in a circuit, however, the 
21-type gives, under many conditions, satisfactory service. 
For example, between New York and Philadelphia, a distance 
of about 90 miles, a group of circuits is being worked on No. 19 
gage conductors, with a single 21-type repeater at Princeton. 
The circuit without repeaters has an equivalent of about 24 
miles of standard No. 19 gage cable. The repeater reduces 
this to about 14 miles. 

Summary 

% * • ' 

In the foregoing pages we have endeavored to present a 

short history of telephone repeater development, a statement 
of the factors which control their successful operation, an idea 
of the possibilities and limitations of different types of repeaters 
and repeater circuits, and three or four typical-examples of the 
present commercial line combinations in which telephone 
repeaters are vital links in the every-day telephone service of 
the public. These, we believe, will give the members of the 
Institute a fair picture of the state of the art as it now exists, 
both technically and commercially. 

In concluding the paper it seems only necessary to add a 
word with regard to the further influence which the telephone 
repeater is likely to have on telephonic communication in the 
future. 

As indicated in the earlier parts of the paper, the net 
result of the vast amount of work already done has been to 
produce amplifying devices capable of* taking energy from a 
local source or sources and under the control of enfeebled 
telephonic currents from a distant transmitting station deliver 
back into the telephone line currents which are faithful repro¬ 
ductions of these enfeebled control currents but with many 
times their energy. Furthermore, the work already done has 
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developed the methods which permit of utilizing the amplifying 
properties of these repeaters in the various kinds of telephone 
lines which go to make up the modern telephone network and 
methods of constructing and maintaining lines to secure maxi¬ 
mum efficiency and economy from the use of repeaters. The 
tools thus at our disposal are of such a character as to permit 
of our forecasting the changes which their use is likely to pro¬ 
duce in the evolutionary growth of the telephone plant. When 
combined with the benefits to be derived from the loading of 
cable circuits, the use of the practically perfect repeaters now 
available puts an entirely different aspect on many of the 
problems which have confronted the telephone engineer in the 
past. Not only will there be the opportunity to utilize smaller 
gage wires than has hitherto been possible but the economical 
field for underground and overhead toll cables will be greatly 
extended into the region which it has heretofore been possible 
to serve only with some form of open wire construction. 
Viewed from the standpoint of continuity of service alone, this 
is an advantage of almost inestimable value. Further, the 
range of reliable and commercially possible long distance 
telephony will be very greatly extended. 


Numerous fields which have in the past been fruitful regions 
of experimentation have likewise been made obsolete by the 
development of the telephone repeater. Most noteworthy of 
these is that looking to the production of powerful or so-called 
loud speaking transmitters. Many investigators have in the 
past devoted much effort to the production of this type of 
equipment and for many years a large group of telephone 
engineers, notably those in Europe, looked upon the production 
o a practical loud speaking transmitter as a key to the solution 
of long distance telephony. Comprehensive studies by the 
engineers of the Bell System early convinced us that the solu¬ 
tion did not lie m this direction and the success of the telephone 
repea ens a 'vindication of the adequacy of these early studies 
and of the consistent line of development which followed them. 
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PRINCIPLES OF RADIO TRANSMISSION AND RE¬ 
CEPTION WITH ANTENNA AND COIL AERIALS 


BY J. H. DELLINGER 


Abstract of Paper 

Coil aerials are coming to replace the large antennas in radio 
work. The advantage of the coil aerial as a direction finder, in¬ 
terference preventer, reducer of strays and submarine aerial, 
make it important to know how effective such an aerial is as a, 
transmitting and receiving device in comparison with the ordi¬ 
nary antenna. In this article the mathematical ^ theory is 
presented and, as a result, the answer to this question is obtained. 
Experiments have verified the conclusions reached, and the 
formulas which are obtained are a valuable aid in the design of 
an aerial to fit any kind of radio station. . 

A great many questions and hazy ideas on. the behavior or 
radio waves are cleared up by the study which was made and 

here presented.. . , . 

It is found that the coil aerial is particularly desirable for 
communication on short wave lengths. A coil aerial is as 
powerful as an antenna only when its dimensions approach those 
of the antenna. For other reasons, however, a small coil aerial 
is in many cases as effective as a large antenna. . 

It is shown that an advantageous type of radio aerial is a 
condenser consisting of two large metal plates.. This type of 
aerial has many of the advantages of the coil aerial. 

The fundamental principles of design of aerials are given in 
this paper. On the basis of this work the actual functioning of 
any type of radio aerial can be determined either from measure¬ 
ments made upon the aerials or from actual transmission experi¬ 
ments. , . . . , 

The investigation has opened up a large and most interesting 
field for further research and progress in the utilization of radio 
waves. 


I. INTRODUCTION 

I N a radio transmitting or receiving set, either the condenser 
or the inductance coil is made of large dimensions. It is then 
called the aerial, and effects the transfer of power between the 
radio circuits and the ether. The coil aerial has the inherent 
advantage of serving as a direction finder and interference 
preventer, but is less effective quantitatively as a transmitting 
or receiving device than the condenser type of aerial, commonly 
called the antenna. Both kinds of aerial are very simple in con¬ 
struction, consisting merely of one or more wires. An antenna 
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consists of a wire or set of wires connected in parallel and con¬ 
stituting one plate of a condenser, the other plate being the 
ground beneath. The coil aerial is one or more turns of wire 
constituting a simple coil or loop. When an antenna is used 
its circuit is completed, in general, by placing an inductance 
coil in series with it and the ground; and when a coil aerial is 
used its circuit is completed by connecting a condenser across 
its terminals. The typical connections are shown in Figs. 
1 and 2. 

The antenna is used when it is desired to communicate over 
as great a range as possible or reduce the power of the apparatus 
as much as possible. The coil is used when directional prop¬ 
erties are particularly important. The coil radiates and re¬ 
ceives electric waves better in the direction of its plane than 


Ground 

Fig. 1—Simple Antenna Cir- Fig. 2—Simple Coil Aerial 

cuit Circuit 

in the direction of its axis, whereas the performance of the 
antenna is much more nearly independent of direction of the 
waves. By arranging a coil so that it can rotate it makes an 
excellent direction finder. When thus used on a ship or an 
airplane, a coil aerial is sometimes called a radio compass. 
It has also been called a radio goniometer. By turning it 
so that its axis is parallel to the direction of propagation of 
the waves from .some particular station, that wave is not 
received while waves from other directions are received. The 
coil may thus serve as an interference preventer. It is possible 
to attain some slight reduction of the effects of strays, com¬ 
monly called static, by using combinations of coil aerials. 
Submarine communication is more successful with coil aerials 
than with antennas because the coil can be protected from the 
short-circuiting effect of the water while an antenna can not. 
The numerous advantages of the coil aerial make it highly im- 
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portant to know the relative sensitiveness or power of trans¬ 
mission of the device in comparison with the antenna. This 
publication provides the answer to this question and sets forth 
the theory of radiation and reception and the action of antenna 
and coil aerials. The relative effectiveness of any coil and 
antenna is given by formula (32) to (36) in Sec. IV 1 below. 
The uses of the coil as a direction finder, interference preventer, 
reducer of strays, and submarine aerial, are not treated in 
this article. 

The most important question considered is the practical one: 
How far can communication be maintained by the use of any 
specified antennas or coil aerials. Formulas are developed by 
which the current received in an antenna or coil is. calculated 
in terms of the current in a transmitting antenna or coil, 
resistance of receiving aerial circuit, the distance, wave length, 
and dimensions of the aerials. The formulas have been found 
to be useful in the design of aerials and in the selection of an 
aerial for a particular kind of communication. They were 
worked out before there was any experimental information 
available to answer the question of the comparative quantita¬ 
tive value of the two kinds of aerials. Not much inform¬ 
ation on this has been obtained from experiment even yet 
(1919), but such experiments as have been made have sub¬ 
stantiated the formulas. The work described in this 
paper was done in 1916 and 1917. The results were given m 
“Radio Transmission Formulas,” a confidential paper of Juy, 
1917, which was circulated in the Signal Corps and Navy. 
Publication was withheld during the war at the request of the 
Signal Corps. The formulas have also been given by the writer 
of the present paper on page 234 of “The Principles Un er ymg 
Radio Communication,” 1918, Signal Corps Pamphlet No. 40, 
a book which can be purchased from the Superintendent of 


Documents, Washington, D. C. 

Historical. The coil aerial and the condenser aerial (an¬ 
tenna) both date back to the first experimenter with the 
electric waves that make radio telegraphy possible. . 
in 1888 used an open oscillator, which was the forerunner o 

the antenna, as his transmitting apparatus. For rec “™. , 
used a circle of wire, which was the first loop or c , 

and observed its directional properties. . . , . 

The possibility of a loop or coil aerial as a transmit g 
was discussed from the theoretical standpoint by G. t. hit 
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gerald and later by J. A. Fleming, in Electrician 59 nn qqa 

fiplrlcTnl- 1907 ‘ . F mmg denved expressions for the radiated 
Ids, using a curious theory in which the four sides of the mil 
were replaced by Hertzian doublets. 0l1 

bractLT °J- a krge l0 ° P ° r sin S le -turn coil as an aerial in 

Proceeding* °f C ° mi ^ ni f tion was described by G. Pickard in 
19 oT S° the Wireless Institute of America, 1, May 1 

eeiving Serial “"He T Pr ? P ' rties both as a radiation and re’ 
stllinf J f t ? e , descnbed ^s use as a direction finder 

than ? degret determined directions with it to betted 

^ by 0th6rS ’ the antema 
de^ce nntl^Qi Q X lt S1Vely &S tbe transmitting and receiving 

S2i T e USe r 0f the COil aerial received a greaf 
SrdZ^ ^ T ° f “ artide by F - Braun in Jahrhu ^ 

££• °* i" Place of Opei ip idi„ 

Lver and H tr1n SCU ft ed S advanta S es of a coil aerial as a re- 
perimental stand^ “ the the ° reticaI and the ex " 

doneln ^ haS b f n a ^eat deal of development work 
one on coil aenals and they were extensively used in the war. 

finder aid re^ °w ^ ^ a6riaI aS a practicaI direction 

frds Lwlr r g d r? was begun at the Bureau ° f stand - 

transatlantip oiST 6 ectron tubes as the detecting apparatus, 

Experiment Slh ^ ° n a Coil inside a room, 

out SIS R C ? das a transmitting device were carried 

treatments fSSS “ 19 7' Among the very few P ublisb ed 
MrSS? ! d ^T? t and use of the «>il aerial are those 

P 256 h Sd “r SS Practical Wireless Telegraphy” 1917, 

BlatternSf pfS- 0 D ^ ectlon - F mding Apparatus” by A. S. 

deSriSnsVffrf W f d ’ 73 ’ P - 464 ' 1919 - Most of the 

tarv serSL i - W h confidential reports of the mili¬ 
tary services of various countries. 

’ isc 1 ussions by Fleming and Braun are cum- 
b : °Z aad f edIeSS i y complicated and the results are not 

Tn orS t It ^ if 1 USa The present P a Per presents 

the leS eL l & aT A* 18 relatively ve ry simple but none 

practical work an Tv adS C T elusions tbat a PP ] y directly to 
cSSnt* lu * R hlS paper also P° ints out a number of mis- 

of the Sntv f 6 eX1Sted> and ende avors to clear up some 
functioning ^ radiati ° n ° f WaV6S and the 
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II. DERIVATIONS OF THEORETICAL FORMULAS 
1. Radiation from an Antenna 

. Formula (8) below, giving the radiated magnetic field at a 
distance from an antenna, is a well-known formula. It has 
been given by various writers, and is the only one presented in 
this paper that requires any deep consideration of fundamental 
electromagnetic theory. The result is in fact implicit in Max¬ 
well's classical treatise, “Electricity and Magnetism”. The 
derivation given here is much more direct and brief than the 
others the author has seen, and is given only for that reason. 
The derivations of formula (10) and following ones are still 
simpler, and will be of more interest to most readers. 

The units used in this paper are international electric uni ts, 
the ordinary electric units based on the ohm, ampere, centi¬ 
meter, and second. (See paper by the author on “International 
System of Electric and Magnetic Units”, Scientific Paper of 
the Bureau of Standards No. 292). The unit of magnetic field 
intensity is the gilbert per cm., often called the cgs. unit. The 
only exception to the use of units of the international system 
is in certain of the practical formulas where lengths are ex¬ 
pressed in meters or miles where so stated. 

In the following discussion is calculated the magnetic field 
intensity produced by a flat-top antenna, having electric 
current of uniform value throughout the length of the vertical 

portion. Most antennas in practise approximate closely this 
condition. 

The symbols used are: 

i = instantaneous current 

lo = maximum value of current 

I = effective value of current 

H t = instantaneous value of magnetic field intensity 

H 0 = maximum value of magnetic field intensity 

H = effective value of magnetic field intensity " 

h = height of aerial 

d = distance from sending aerial 

co = 2 7r times frequency of the current 

t = time 

X = wave length 

c = velocity of electric waves = 3 X 10 10 cm. per second 
Subscripts s = sending, r = receiving, a = antenna, c = 
coil. 
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In Fig. 3 the upper heavy line represents the flat top of the 
antenna, and the lower heavy line the grounding area. Suppose 
a current is flowing, having the instantaneous value i in the 
vertical portion. The magnetic field intensity at any point 
due to a varying current is different from that due to a steady 
current. Consequently the field cannot be calculated in the 
same way that the magnetic field intensity of a straight wire is 
Ordinarily calculated. When the current is varying, the mag¬ 
netic field intensity is calculated by the aid of a quantity 
called the vector potential in such a way that the variation 
with time is taken into account. Th§ instantaneous value of 
the vector potential of current in the vertical conductor at a 
distance d in a plane perpendicular to the conductor, is 


4 _ I*]A 
A d 


( 1 ) 


where [i] indicates that for any time t the value of i is taken for 
the instant (t — d/e). 


i 

I 

h 


< 


Fig. 3- 


■ 

-Calculation op Magnetic Field at a Distance prom an 

Antenna 


Suppose the current in the antenna is a sine-wave alternating 
current, 

i — I,o sin co t ^2) 

[i] = I Q sin co (t - d/e) 


A 


h [i] 

d 


hi o . 

sin co (t - d/e) 


(3) 


The magnetic field intensity is calculated from the vector 
potential by the general relation H t = (f.l curl A, which for 
this simple case of a straight conductor becomes 


n 

u i 


1 b A 


10 bd 


(4) 


(f;, bei ” g perpendtal “- «« of t and i. 


H, = 


h 00 I q for 

10 e d C0Su (t~ d/e) - -j^- sin co (t - d/e) 

(5) 
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This equation gives the magnetic field intensity at any point 
P at a distance d from the antenna. The second term repre¬ 
sents the ordinary induction field associated with the current, 
while the first term is the radiation field. At a considerable 
distance the second term is negligible because the second power 
of d occurs in the denominator. The first term then represents 
the magnetic field radiated from an antenna at the distance d 
from the antenna. The distance d is measured along the 
earth’s surface, because the waves follow the curvature of the 
earth’s surface instead of proceeding straight out into space. 
For a considerable distance from the antenna, the maximum 
value of the magnetic field intensity during a cycle is therefore 

h o> I o 

Ho ~ 10 cd 


Expressing in terms of effective values, 



h co I 


10 c d 



Henceforth H means the radiated field unless it is specifically 
stated to be the total field. The last equation may be expressed 
in terms of wave length instead of co by the relation 

JL = iiL (7) 

c X 


n _ 2 7T hi 

r.H - 10 - x d 

Using the subscript s to indicate that it is the sending rather 
than the receiving antenna which is considered, 

rr __ 2 7T h s I s (ft) 

n ~ 10 X d 

This derivation follows the conceptions presented in the 
early pages of Lorentz, “The Theory of Electrons”. It is 
equivalent to Hertz's intricate proof, but is more direct. The 
way in which the result is expressed here accords more closely 
with the physical ideas and with actual practise, being ex¬ 
pressed in terms of current rather than electric charge, since it 
is current that is actually measured in an antenna and the 
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current furthermore is generally uniform in the vertical portion 
of the antenna. 

Formula (8) gives the radiated magnetic field from a sending 
antenna at a distance d along the earth’s surface. The units 
are the gilbert per cm. for H, the ampere for I, and the centi¬ 
meter for all lengths, as previously stated. 

Undamped alternating current in the antenna was assumed. 
The same result, however, is obtained if the current is damped. 
At very great distances from the sending aerial, the magnetic 
field is less than that calculated by formula (8), because of 
absorption of the power of the wave as it travels along. This 
may be taken into account by multiplying the right-hand 
member of (8) by a correction factor F x . The value of this 
factor for daytime transmission over the ocean, derived from 
the experiments of L. W. Austin, Scientific Paper of the 
Bureau of Standards No. 159; 1911, is 

F 1 = e ~ °* 000047 



Fig. 4 Calculation of Magnetic Field 


d-- 

i 

- — . -»— 

P 

Radiated from a Coil 


for d and X both m meters. This correction ordinarily needs 

to be applied only when the distance is greater than 100 kilo- 
meters. 


2. Radiation from a Coil 

It was formerly the belief that a coil could not radiate, be¬ 
cause the current up one side of the coil (Fig. 4) produces a 
field equal and opposite to that down the othef side of the coil. 

InoS p eiT0 Tr U \ C T! the tW ° 6qUal fields are not exactly 

because nfrtA fi P > a + e between the two departs from 180 deg. 
because of the finite time required for the field to be propagated 

X 0 cduhat Sr coi /**, ° ther - k is ^ 

resultant tbe , caI f Iated radiation is zero. The actual 

““- d f ? m coil may be deduced in either 
y mple ways, both of which are interesting from the 

physical standpoint. The first deak wifh • -p-*- 
values of tLo 4 .- ne nrst aeals with the instantaneous 

values g lC fi6ld ’ and the second ^th the effective 
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The following additional symbols are used: 

l = horizontal length of coil aerial. 

N = number of turns of wire of coil aerial. 

6 = phase angle between values of field intensity a dis¬ 

tance l apart in the wave. 

First Deduction. Consider a rectangular coil of height h and 
horizontal length l. The magnetic field at a point P in the d 
direction is the resultant of the fields arising from current in 
the two vertical sides of the coil, the horizontal sides contribut¬ 
ing nothing. The magnetic field at P due to any one of the 
. vertical wires of the coil is calculated from equation (5) above. 
Neglecting the second terms, because d is large, the instantane¬ 
ous values of the magnetic field (Fig. 4) at the distance d and 
(d - l) respectively from the two vertical sides are 

Hd — \() c d cos w ~ d/c) 


Hd—l = + 


hN col o 
10 c (d - l ) 


cos CO I t 




d-l 


) 


The resultant field H t is the algebraic sum of these two, which 
becomes since {d — l ) is very nearly d when d is large, 


H> 


h N I( 
10 c d 


o • /, d — 1/2 

2 sm co I t - — 


sm 


co l 

2 T 


The effective value of the resultant field is 

rj 2 k N CO I . CO l 

n — j - z — sm _— 

10 cd 2 c 

Using the relations 


co 


2 T 
\ 


and sin 


col 
2 c 


co l 
2c 


the latter holding when the angle is small, i. e., I small compared 
with the wave length, 


TT 

12 . 


4 t r 2 h s l, N s I 


S 8 


10 


X 2 d 


( 10 ) 
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This is the radiated magnetic field from a sending coil aerial 
at a distance d along the earth’s surface, the direction of d being 
in the plane of the coil. The units are international units 
as stated under equation (8). The deduction assumes that 
the ground below the coil is not so good a conductor as to form 
an image of the coil. Thus the formula applies to a radiating 
coil in an airplane as well as to one at a ground or ship station. 

, The formula applies for either damped or undamped current 
in the sending antenna. For very great distances the right- 
hand side of the formula must be multiplied by the distance 

correction factor F x given in (9), the same as for a radiating 
antenna. 

Second Deduction. The radiated mag¬ 
netic field due to one of the. sides of the 
coil is N s Hi, and from formula (8), 


A 


N s Hj 


Hi = 


liv h a Is 


10 A d 


( 11 ) 





If the two vertical sides of the coil coin¬ 
cide, their magnetic fields would be equal 
and opposite, as shown by the lines 0 A and 
0 B, Fig. 5. But since the two vertical sides 
are separated by the distance l, at any 
instant the field at P (Fig. 4) from the left F„. s _ 

, ° be CG1 I' as traveled a distance l Relations ofMag- 

larther than the field from the right side. netic Fields Radi- 

If then N s H x is the field at P due to the ATED FR0M A CoiIj 

Ihxt? d6 ’ f? 6 fie - d at P due t0 the Ieft side is shifted in 
brtwpJn 0 ^ P0 ! 1 l ta0n l ° Bt °OCin Fig. 5, where the angle 6 

fiel<TfLf hem f ^ PhaSG angIe between the values of the 
held a distance l apart in the wave. 

The distance l is the same fraction of the wave length that 
the angle 6 is of a complete cycle, 2 w. That is ' 



or 


6 = 2 x l/X 
The resultant of 0 A and 0 C is their vector sum, 
H = N s Hi y/ 2 (1 — cos 8) 


( 12 ) 


( 13 ) 
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When 8 is small, i. <?., I small compared with the wave length, 

~ Wi = sin e = e . 


••• H = N 3 H 1 6 (14) 

Thus the radiated magnetic field from a coil is equal to the field 
from one side of the coil multiplied by the phase angle 8 cor¬ 
responding to the distance l between the sides of the coil. 
From (14) and (11), 



2 7r h s N s I s 
10 \d 


(15) 


This equation, together with (12), gives identically formula (10) 
obtained by the first deduction. 

It was assumed in these deductions that the current was 
uniform throughout the coil. If the distributed capacity of 
the coil is appreciable the current in the coil will be different at 
different points. Thus the current in the middle may be 
greater than at the ends. This also may give rise to radiation 
from the coil, but is an entirely separate phenomenon from the 
phase angle between the two sides of the coil which has been 
discussed. This question of distributed capacity requires 
consideration particularly when coils are used having dimen¬ 
sions comparable with the wave length. The phenomenon is 
discussed further under “Antenna Effect” in Sec. VI 3 below. 


3. Received Current in an Antenna 

The current flowing in the receiving aerial circuit when the 
field intensity of the wave traversing the aerial is known can 
be calculated in several ways. An electromagnetic wave in 
space has both an electric and a magnetic field intensity which 
are at right angles to each other and to the direction of propa¬ 
gation of the wave. The two field intensities are related to 
each other by 

<£ = 300. H (16) 

where © is in volts per cm. and H in gilberts per cm. 

The following additional symbols are used in this and the 
following section: 

<£> = electric field intensity 
E = electromotive force in receiving aerial 
R = resistance of receiving aerial circuit 
4> = magnetic flux 
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First Deduction.. The electromotive force, and thence the 
current produced in an antenna may be calculated from the 
principle that relative motion of a magnetic field and a con¬ 
ductor create an electromotive force in the conductor whose 
value is 

E = 10-s h r Hc (17) 

when the directions of the field, the motion, and the conductor 

ar ® mutually perpendicular, h r being the length of the conductor 

and c the velocity of the relative motion. This then gives the 

e. m. f man antenna, of height h r , produced by electromagnetic 

wave having magnetic field intensity H and travelling with the 
velocity of c. 

. In or( ? mary P ract ise, the reactance in series with the antenna 
is varied to produce resonance to the frequency of the incoming 
wave, so that ' & 

T - E 

r ~~R~ (18) 


Inserting for c its value, 3 X 10 10 in equation (17). 



(19) 


. hl ® ls the curr ent in amperes received in a flat-top antenna 
using . e centimeter as the unit of length, with resistance of 
circuit m ohms, and the magnetic field intensity in gilberts per 

The received current is less than that given by the formula 
if the wave is damped, since an undamped alternating field was 
assumed in the discussion. For a damped field the e.m.f. 

ac in .f aerial is similarly damped and equation (is) does 

ao u • _ orrect results are obtained by multiplying the 

g - and side of formula (19) by the correction factor F, 
obtained as follows: 

If the magnetic field intensity and hence the e. m. f. has the 
decrement S', the effective current is not l r , defined by (18), 
but another value which we shall call The value of /. may 
e oun y the aid of the generalized definition of decrement 
given m the author’s paper, “The Measurement of Radio- 
frequency Resistance, Phase Difference, and Decrement”, 
Proc. I. R. E., 7, p. 27; Feb. 1919. 

For decrements smaller than about 0.2, the logarithmic 
ecrement is one-half the ratio of the average energy dissipated 
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per cycle to the average energy associated with the current at 
the maximum of the cycle. 


Taking the average power as E 2 /R, the average energy dissi¬ 


pated per cycle 


E 2 

SR ‘ 


The average energy associated 


with the current at the maximum of each cycle = L I 2 . The 
energy-ratio definition of decrement just given applies to the 
sum of the decrements acting, viz., the decrement S' of the 
e. m. f. and the decrement S of the aerial circuit. The value 

R 

of 8 is ~tyTT ■ Applying the decrement definition 


S' + 8 


E 2 

SR 


2 L I p 2 


E 2 R 


2 JLR 2 Ip 2 


E 2 8 


R 2 Ip 2 


_ E 2 S 

R 2 S'+8 


From the relation, E 2 /R 2 = I 2 , 


R = I, 


S' + 8 


= I, 


\ 


1 + 


600. L 8 
R X 


where L is in microhenries and X is in meters. 

This reduces to I p = I r when 8' is small compared with 5. 
Thus in the particular case of an undamped wave, where 
5' = 0, no correction is needed. 

Correct results are obtained from equation (19) for any 
damped wave by multiplying its right-hand member by.the 
correction factor F 2 , given by 




1 -1- 600 . L 8' 
R X 


( 20 ) 


F 
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where L is the inductance of the receiving aerial circuit in 
microhenries and X is wave length in meters, and 8' is the log¬ 
arithmic decrement of the damped wave that is being received. 

Second Deduction. The same formula may be derived from 
entirely independent consideration of the electric field asso¬ 
ciated with the wave. The e. m. f. between two points in 
space is the product of the distance between them by the 
electric field intensity along the line joining them. Thus the 
e. m. f. produced in a flat-top antenna is & times the height, 
the direction of £ being assumed to be vertical. 

E = h r £ ■ (21) 

Inserting the value of £ from (16) and dividing by the resistance. 



( 22 ) 


This is identically the same formula obtained above from 
consideration of the magnetic field. 


4. Received Current in a Coil 

The current in a receiving coil aerial can be calculated in a 
number of different ways, all very simple and all giving the 
same result. The first conception which will be presented is 
simply that an e. m. f. is produced in the circuit by the time 
variation of magnetic flux through it. 

The other modes of calculation involve the phase angle 
between the two vertical sides of the coil. The e. m. fs. 
acting in the two vertical sides are exactly equal and oppose 
each other in producing a current around the circuit when the 
plane of the coil is perpendicular to the direction of propagation 
of the wave. When the coil is turned in any other direction, 
owever, the e. m. fs. in the two sides are not exactly opposite 
m phase because of the difference in time required for the field 
to be propagated to one side of the coil and to the other. The 

6 ' f- 1 " n. , C f n ca ^ cu ^ a ^ e d either from the electric or the mag¬ 
netic held as m the discussion of received current in an an¬ 
tenna. The resultant e. m. f. can be found either from the 
gebraic sum of the instantaneous e. m. fs. in the two vertical 
sides or the vector sum of the effective e. m. fs. These two 

tively bdow USe m secon< ^ an ^ third deductions respee- 
The phase angle between the two sides of the coil is a very 
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different thing from the phenomenon caused by the distributed 
capacity of the coil. It is assumed in the deductions given 
here that the current is uniform in all parts of the coil, which is 
not true when the distributed capacity is appreciable. Such 
capacity is large in coils of dimensions comparable with the 
wave length, and in such cases consideration must be given to 
the separate and additional phenomenon of distributed capac¬ 
ity. 

First Deduction. Assuming that the dimensions of the coil 
are small compared with the wave length, the magnetic field 
intensity is practically uniform throughout the coil. When 
the plane of the coil is parallel to the direction of propagation 
of the wave, the e. m. f. induced in the coil is 

E = 10~ 8 co 4) 

Now, <j> = /j,h r l r N r H 

Since the permeability ja = 1, and I r = E/R because in ordi¬ 
nary practise the condenser in series with the coil is adjusted 
to produce resonance with the frequency of the incoming wave, 

2 _ ^ ^ _ 10 _ 8 ^ hr Ft r Fi 


= 27r c 10~ 8 


h r lrN r H 
R A 


I r = 600 . 7T - (23) 

This is the current received in a rectangular coil aerial of N 
turns, with its plane parallel to the propagation of the wave. 
The units are international units as stated under formula (19). 
No image is assumed in the ground, so the formula applies not 
only to a receiving coil at a ground or ship station but also to 
an airplane direction finder. The heights at which airplanes 
fly are such that the field of the wave is usually not much 
different from its value at the ground. 

There are two correction factors that may need to be applied 
to this formula, both of which make the result smaller. If the 
wave is damped, the right-hand side of the formula should be 
multiplied by the decrement correction factor F 2 , given by (20), 
the same as for a receiving antenna. 

When the plane of coil is in some direction other than parallel 
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to the direction of propagation of the wave, the right-hand side 
of formula (23) must be multiplied by the direction correction 
factor Ft given by 

F z = cos ol (24) 

where a is the angle between the direction of propagation of the 
wave and the plane of the coil. 

Second Deduction. The e. m. f. produced in any one of the 
vertical wires of the coil is given by either equation (17) or (21) 
above, deduced from considerations of the action of the mag¬ 
netic and the electric field intensity, respectively. Each of 
these equations reduces to 

Ex = 300. h r H (25) 

The instantaneous e. m. f. in either of the two vertical sides of 
the coil is therefore 

e' = 300 h r N r H 0 cos co t 

The instantaneous e. m. f. in the other side of the coil is pro¬ 
duced by the magnetic field existing in the wave a distance l 
away, when the plane of the coil is parallel to the direction of 
propagation of the wave. This e. m. f„ e ", has the same 
irec ion m space but the opposite direction as far as producing 
current around the circuit is concerned. 

e" = — 300 . K Nr H 0 cos (t - l/c) 
these'two SUltant L “ the circuit is the al £ ebrai e sum of 


e - 300 . h r N r Ho 2 sin c o (t --— \ sin — - 

\ 2 c / 2 c 

The effective value of the resultant e. m. f. is 

E = 600 .h r N r H sm—^A 

2 c 

wave length the 1S Sma11 ’ % ’ e ~’ ^ smal] compared with the 


sm 


co l 
2 c 


CO l 


2 c 


T 


X 


E = 600 .7r Hr It Nr H 


X 


(26; 


the identical value of I r obtained ii 
(23) by the first mode of deduction. 
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Third Deduction. The e. m. f. produced in one of the sides of 
the coil is N r E h where from either equation (17) or (21) above, 
i. e., from consideration of either the magnetic or the electric 
field intensity, respectively, 


E 1 = 300 . h r H (25) 

If the two vertical sides of the coil coincided, the e. m. fs. 
produced in them would be equal and exactly neutralize each 
other, as shown by the lines 0 A and 0 B, Fig. 6. But since 
the two vertical sides are separated by the distance l, at any 
instant the field acting on one side of the coil has traveled a 
A distance l farther than that acting on the other 

side. If then N r E x is the e. m. f. in one side 
of the coil, the e. m. f. in the other side is 
shifted in phase from the position 0 B to the 
position 0 C in Fig. 6,. where the angle 8 be¬ 
tween them is the phase angle between the 
values of the field a distance l apart in the 
wave. 

The distance l is the same fraction of the 
wave length that the angle 6 is of a complete 
cycle, 2 tt, i. e. } 



6 


l r 


(27) 


Fig. 6—Phase 
Relations of 
Electromotive 
Forces in Re¬ 
ceiving Coil 


2 7T X 

The resultant of 0 A and 0 C is their vector 


sum 


E = N r Ei V 2 (1 - cos 0) (28) 

When 0 is small, i. e., I small compared with X 


E 


sin 0 = 0 


From (25), 


Nr El 

E = Nr El 0 

E = 300 hr Nr H 0 


(29) 

(30) 


Thus the e. m. f. acting in the coil is equal to the e. m. f. in one 
side of the coil multiplied by the phase angle 0 corresponding 
to the distance l between the sides of the coil. 

Equations (27) and (30) combined give (26) and by dividing 
by R formula (23) is obtained. 
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III. DISCUSSION OF THEORY OF RADIATION AND 

RECEPTION 

1. Distinction between Induction and Radiation 

Certain fallacies which have appeared in text-books and 
discussions arise from insufficient understanding of the differ¬ 
ence between an induction field and a radiation field. Such 
fallacies are: 

a. An “open” circuit can radiate, while a “closed” circuit 
can not. 

b. There is no radiation from a circuit at low frequencies. 

c. Induction and radiation are the same phenomenon. 

d. The action of an antenna differs from that of a coil aerial 
in that the former is due to electrostatic fields and the latter to 
magnetic fields. 

These fallacies will now be discussed. Fallacy c has led to 
the supposition that the radiation and reception of electric 
waves can be taught in terms of transformer action. It should 
not be difficult to separate the two ideas, for there is a definite 
and clear distinction between the field due to induction and that 
due to radiation. The total magnetic field at a distance d 
from a radiating antenna is, from equation (5) 


H = — T . Is j h s I 8 

10 \d + IT 



where j indicates that the two terms differ in phase by 90 deg. 

,, e . represents the radiation field and the second term 

the induction field. The fact that one contains X d in the 
enommator while the other contains d 2 makes them radically 

betwpTr! . 1 U a , ture - ? is gives the mathematical distinction 

diVnS^ ind « Ctl °o T^ d radiation ' The Physical difference is 
discussed m Sec. 3 below. 

th JiliXSf fi *1 ? W relativeIy more important than 

lenrtb t H ^ dlStance d is increased or as wave 

queftL iT r i 6 " the fre< l uenc y increased). The 

riven casl o^ b U'T ™ induction Predominates in any 
TW ^ Settled by calculation from the formula. 

Thus, the two fields are equal at a distance 

X 


d 


2 T 


predomiaies' !er r° the . a ' lte ” r,a than this the induction field 

SredoSS'nnd 7n EOm ? farther a ™r> the nation field 
P eaommates and the induction field falls off ranidW 

distance and becomes negligible. P 7 With 
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Certain early experiments in wireless signalling used true 
induction, e. g., the induction telegraphy of Preece and of 
Dolbear. When higher frequencies were used by later experi¬ 
menters, signals of appreciable strength were received at 
distances of several wave lengths. These were genuine radia¬ 
tion signals, now commonly called radio. 

2. Is Radiation Limited to High Frequencies? 

The answer to this should be obvious from formulas (8) and 
(10). The radiated field does not become zero, no matter how 
great X is. For alternating current of any frequency, no matter 
how low, radiation takes place from the circuit. To be sure, 
the radiation is greater the higher the frequency, so that high- 
frequency circuits are better radiators than low-frequency 
ones, and this is all the basis there is for the mistaken idea that 
only high-frequency circuits radiate. 

This applies to radiation from a coil as well as from an 
antenna. It has sometimes been stated that a coil will not 
radiate, the statement being put in the form that only “open” 
circuits radiate. The statement is doubly faulty since elec¬ 
tricity can flow only in closed circuits. The meaning intended 
by “open” circuit is a circuit containing a condenser of open 
form, that is, with two plates well separated. There are two 
misconceptions at the base of the belief that a “closed” circuit 
or one not containing a condenser would not radiate. In the 
first place, some have doubtless thought that waves would be 
started in the ether only by an electrostatic disturbance and 
thus could not be produced by a metallically closed circuit. 
Or, supposing it was understood that a magnetic disturbance 
in the ether would send out a wave just as readily as an electro¬ 
static disturbance, it may have been thought that the radiation 
from one side of the circuit would be neutralized from that 
from the opposite side. As has already been shown in this 
paper, the two disturbances do not exactly neutralize each 
other, on account of the finite time of .propagation from one 
side of the circuit to the other, and the resultant is what gives 
rise to the radiation from a metallically closed circuit. 

3. Equivalence of Electrostatic and Magnetic Fields 

in a Wave 

The physical distinctions between radiation and induction 
are: (a) the latter is fixed in space and the former moves 



1366 


DELLINGER: RADIO TRANSMISSION 


[Oct. 1 


through space with the velocity of light, and (b) in the case of 
radiation the magnetic field is always accompanied by an 
electrostatic field of value 


$ 


300 .H 


( 16 ) 


and vice versa, whereas in the case of induction there is no 
fixed relation. It is, of course, true that whenever magnetic 
induction varies an electrostatic field is produced, and similarly 
whenever electrostatic induction varies a magnetic field is 
produced. But it is only in a radiated wave that these varia¬ 
tions take place in such a way that one can be calculated from 
the other by the fixed relation (16). When there is a fixed 
electrostatic field associated with a circuit which does not vary, 

the magnetic field associated with this electrostatic field is 
zero, and vice versa. 

In a radiated wave, then, the electrostatic and magnetic 
field are no longer independent phenomena but are strictly 
equivalent Indeed, they are but two aspects of the same 
thing. Perhaps this will be clearer from the analogy of a sound 
wave In a mechanical apparatus, elastic action and inertia 
act independently m various parts of the apparatus. In a 
sound wave, however, the effects of elastic action and inertia 
are mutual parts of a single phenomenon, the sound wave. 

n considering any effect of the electromagnetic wave, it is 
equally permissible to consider the electrostatic or the magnetic 
field associated with the wave. They are equivalent and lead 

in this S naner reS1 Tfc ^ ^ amply dem °nstrated above 

from theTw > t-TT? reCeived “ an antenna ’ calculated 

from ae «t c fi°eId 'C™* t ” e “““ “ S calcuhtcd 
the coil aerifl Tt u- Th ? e a § reement was found for 
current nrnZL dlsposes of the duestioi, whether the 

eSosS or thi“ m an “ “f ,7 “ COil aerial is c&asei ^ ‘he 

ComSte ' lC , ! W present in thc wave, or both, 

mpiete discussions of electromagnetic waves are given in 

Jeans “ EIectricit y and Magnetism”, 1873; 

'pu ’ E J®etricity and Magnetism”, 1907- Lorentz “Th^ 

Theory of Electrons”, 1909. ’ ’ horentz ’ The 

4. What Radiation Is 

deMtJv b SLtlr»m at r ? d ie ti0n difes induction by a 

at CwZf' Z°T’ f her and of ‘huuit radiates 
7 “‘hnency, that there are both an electrostatic and a 
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magnetic field present in every wave, having a constant ratio, 
and that any effect of the wave may be considered as due either 
to the electrostatic or the magnetic field of the wave. 

Radiation is the moving disturbance of the ether, the energy 
associated with which does not return to the radiator. 

This conception leads to more correct ideas than are current 
.on the mechanism of radiation from an antenna; and permits 
explanation of the radiation from a coil aerial, which is not 
covered at all by the usual explanations of radiation in text¬ 
books. Such explanations have led to the impression that the 
radiation largely depends on the form of the electrostatic lines 
of force which are present at the edges of the radiator. It 
might thus be supposed that in a flat-top antenna or a con¬ 
denser aerial the current in the central portions of the condenser 
was not effective in causing radiation while only that which 
spread into the surrounding space from the edges was effective. 
This appears incorrect. If it were correct, the builders of long 
flat-top antennas must have wasted a great deal of wire. All 
of the dielectric current sends a moving disturbance out into 
the ether. The portion of the energy associated with this 
disturbance that does not return to the radiator is that con¬ 
nected with the first term of equation (31). In this term the 
total antenna current appears. The radiation is the moving 
disturbance caused by the whole of the current which the an¬ 
tenna makes flow in the dielectric. 

The ordinary treatment of the mechanism of radiation from 
an antenna is misleading also because it deals with radiation at 
the fundamental wave length. In practise, antennas are 
usually loaded. The radiation depends to no degree whatso¬ 
ever on the value or location of any of the field lines attached 
to the aerial, but only on the variation of the lines. And all 
the lines when varying give rise to radiation. Thus the sta¬ 
tionary field is given by the second term of formula (31), the 
first is the radiation term, and they are independent. 

IV. COMPARISON FORMULAS 

1. Derivation from Theoretical Formulas 

Formulas are here derived to answer the practical question 
of how far a given coil will send or receive in comparison with a 
given antenna. The formulas also answer such questions as 
the length of a coil aerial required to give a particular ratio of 
performance of coil and antenna. 
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The ratio of the magnetic field radiated from a current coil 
to that from an antenna, for a given sending current, distance 
wave length, and height, is obtained from equation (13). The 
ratio of the distance from a coil to that from an antenna, at 

w J ch f.f 1Ven magnetic fieId is Produced, is the same as the 
ratio of the magnetic field produced by a coil to that produced 

by an antenna at a given distance. Either ratio is therefore 
current'"/' fol ow1 ^ f Passion, which assumes the same 
antenna ^ X ’ and height h ‘> for the coil and the 

9 a: 

dc/d a = N s -\/ 2 (1 — cos 9 ) 

Inserting the value of 6 and neglecting the subscript s, 

d c /d a = N V 2 (1 — cos 2 r Z/A)~ ( 32 ) 

When the length of the coil Z is small compared to X (i e 
for most practical purposes, less than 0.1 A), this simplifies to 

dc/d a = 6.28 Nl/X (33) 

This could have been deduced directly from (8) and nm 

“ Ucedfor compariin of tJS 
tances obtained mth a eoil and an antenna of different heights, 

dJd °- = 6 . 28 WZ/X hjh a . (34) 

perfomre^a'ntnStl! 0 f* t PartMar ratio * 

for l. Prom (32), S by SoIvmg these formulas 


H= 


A 


2 7 r 


COS' 


2 N* 


m) 


(35) 


I —J / ' / 

When the length of the coil is small comnared tn > ex, • , 

formula suffices, compared to A, the simpler 

1 = 0.16 \/Nd c /d a 

wa^r“ ant r a ° r * -*> 

that have just been deduced for^A*™ 6 1 . d ™ tlcal expressions 
(32) may be deducedfrom m, iendm * aer,als - Thus formula 

They give the ratio of the^isS™ 1 ) A™ < 19 ) (23). 

e.m.f. win be produced^ 'f™? 16 “T“ at Which * 
antenna, assuming the same heiSA J enal to lhat in nn 
the cod and tte antenna. They also Ai?) "t'’® 'f gtk X for 
produced in a coil to that in*. eratlo . of ‘ h ^- ">• f. 

magnetic field intensity, or tte * 8 7“ 7alue ot 

? v * ratl ° of currents when the 
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resistances and other quantities are the same in coil and an¬ 
tenna. Equations (34), (35), and (36) similarly hold for receiv¬ 
ing as well as sending aerials. For comparison of current in a 
coil and an antenna of different resistances as well as different 
heights 

d c /da = 6.28 Nl]\ h c /h a R a /R c (37) 

. The relative distance of transmission between two coil 
aerials and between two antennas, for a given sending current, 
is similarly found from equations (8), (10), (19), and (23). 
The ratio of received current for coils and antennas the same 
distance apart is given by the same formula, which assumes the 
same sending current I s and wave length X for the pair of coils 
as for the pair of antennas. 


d 

d 


GC 


aa 


= 39.5 


l s lr Ns Nr 

X 2 


( h 3 h r ) c R a 
(h, h r ) a R c 


(38) 


All of these formulas assume that the decrement correction 
factor F -2 is the same for coil and antenna in all cases. If 
waves of different decrement are used, apply the factor F-> as 
stated in connection with (20). If the plane of the coil con¬ 
sidered is not parallel to the direction of propagation of the 
wave, apply the factor, cos a, as stated in connection with (24). 


2. Examples of Comparison of Coil and Antenna 

What is the length of the coil, either as sender or receiver, 
equivalent to an antenna of the same height? The answer is 
given by (36). For d c /d a = 1, 

l = 0.16 \/N (39) 

This is the correct length except for a single-turn coil. Then 
N = 1 the more exact formula (35) must be used. This gives, 
for the equivalent coil, 

l — 1/6 X 

Thus a single-turn coil of length 1/6 the wave length is equiva¬ 
lent to an antenna of the same height. For a coil of 8 turns, 
however, the length of the coil equivalent to an antenna of the 
same height is, from (39), 0.02 of the wave length. 

When the length of the coil is small compared with the wave 
length, i. e., as already stated, l less than about 0.1 X, the 
performance ratio is given by (33). For a length greater than 
0.1 X, however, the more accurate formula (32) must be used. 
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Thus, when the length is exactly a sixth of a wave length, from 

d c /d a - N ■ 

antenna'of' °N tirm^tih WaVe Iengtil is equivalent to an 

“the” oififi ‘r * heig ? t 0f the coiL the length 

a quarter wave length, similarly 

dc/d a = V2 N 

For a coil of length equal to half the wave length, 

dc/d a = 2N 

Itttele„rthT XimUm u 6St P crfo ™ance for a coil aerial. 

perf^cfraS. i *££ f f ™ ^ 

the same as tor l ,a 3 ‘ ' * X 14 18 ^ to 0 i“‘ 

ob^mfrM^Vor 6 Perf0ma ” Ce ^ ° f 3 COil aerial 

inJaSi!s 0In mlt 011S 311 aP ?* r t0 eitIler t rans nhtting or receiv- 
&g ”inna m 7„rr i ^ 0WeVCr ’ in the case of a transmit- 
annlierl tn 1 ’ that the same curre nt flows; and, when 

Ser C0 S or ZT/ that thc stance - ‘he time in 

eiy to s ewe 7 own a “ atter of fact - however, it is 

circuit than in an antenna^ircuit 

the factor /? '/p o * /o^n ClrCU1 ^‘ This is taken account of by 
in a transmitting *? , and The difference in current 

STS h Z „ T Bna take ” ““unt Of by multi- 
ofttfsendinf« m r7 ) berS * < 32) and < 33 > ^ the ratio 
times a more* effective I’Jk'r * hlS accouDt a toil is some- 
antenna ot considerably great" dimenSoT* ““ ^ “ 

are ’** ^ COnclusiOTS *awn from them 

fcusSt s£ vT/ e Z° rS ^ the trammissi °” formulas, as 

. The Condenser Aerial 

same 1 performance ^s^ ° f * C °° "*** which WouId the 

0 . 16 06 aS a glVen antenna a length equal to 

~ir times the wave length and a height equal to the an- 

example, f flat-top^ntenna STmet? 7 req ^ red ’ For 
operating on a 600-meter TfJrX 



1919 ] DELLINGER: RADIO TRANSMISSION 1371 

coil 24 meters long by 30 meters high. The dimensions of 
the equivalent coil are thus of the same order as the dimensions 
of the antenna. 

It is possible to escape from the apparent necessity of large 
structures for effective radio transmission and reception in two 
ways. First, the coil aerial can easily be made to have a lower 
resistance than the antennas ordinarily used, and its size 
reduced in proportion to the reduction of resistance. This is 
mainly because the condenser used in the coil aerial circuit can 
be one having practically no resistance while the condenser 
consisting of antenna and ground has a large resistance. Thus 
by due attention to the minimizing of resistance in its circuit, 
the coil aerial may be of small dimensions and yet highly 
effective. The size may, of course, be reduced also in propor¬ 
tion as the number of turns is increased. 

It is equally possible to avoid an aerial of large dimensions 
without having recourse to a coil aerial. The alternative is to 
use the antenna principle, but use a special construction of 
much lower height. At first sight it would appear that this 
would make a poorer antenna, since the effectiveness is pro¬ 
portional to the height, according to either (8) or (19). And 
this is true if the antenna is merely lowered a moderate amount. 
Such lowering increases the capacity only very slightly, not 
nearly in proportion to the decrease in height. In order to 
secure an appreciable gain it is necessary to have the height 
very small and use a special construction to reduce the resist¬ 
ance as much as possible. A good method is to replace the 
ordinary antenna-ground structure in which the antenna is one 
plate of a condenser and the ground the other plate, by an 
aerial consisting of two horizontal metal condenser plates. 
This may be called a “condenser aerial”. The formulas 
derived for antennas apply to it. 

Such an aerial has lower conductor resistance than the 
ordinary antenna, and since it has greater capacity a small 
inductance will be used in series with it which will also have 
smaller resistance and thus reduce the resistance of the circuit. 
Furthermore, the resistance of an antenna largely arises from 
the imperfect dielectrics, such as vegetation, buildings, and 
poor insulators, present in its field (as shown in Scientific Paper 
of the Bureau of Standards No. 269, by J. M. Miller), and the 
resistance from the grounding wires to ground. These can be 
eliminated in a condenser aerial. Finally, then, the resistance 
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of the aerial circuit can be reduced to more than compensate 
for the reduction in height. This will result in a larger current 
I r in formula (19), or in a larger H in formula (8) because of 
the increase of the sending current. 

The advantage of the very low antenna has been observed in 
the experiments of the Kiebitz and others on so-called earth 
antennas. It is probable that still greater advantages would 
be obtained by the condenser aerial as here described. The 
special construction required to eliminate dielectric loss would 
involve making the lower plate considerably wider and longer 
than the upper plate, or else having both plates a considerable 
distance above the ground, and keeping the space between the 
•plates free from poor dielectrics. An aerial consisting of a 
pair of metal plates elevated from the ground was used and des¬ 
cribed by Oliver Lodge in 1897, and again by Lodge and Muir- 
head in Proc. Royal Soc., 82, p. 227; 1909, who found that it 
worked best without being grounded. The author is informed 
that the same sort of an aerial has recently been tried on air¬ 
planes, using the upper and lower planes as the condenser 
plates. Such an aerial would be ideal for airplanes if the 
space between could be kept free from poor dielectrics. If the 
plates of the condenser aerial have their length and width 
approximately equal, the aerial radiates in all directions. If 
a long narrow condenser is used it would probably be very 
directional, both as a transmitting and receiving device. Such 
a condenser might consist of a pair of parallel wires, which 
would be a considerable improvement on the ground antenna. 

An example will make clear how the size of the condenser 
aerial compares with other aerials. It was found above that 
antenna 30 meters high was equivalent to a four-turn coil 24 
meters long by 30 meters high, both operating on a 600-meter 
wave and with circuits of the same resistance. For the same 
wave length and with an inductance of 100 microhenries, in 
series, the capacity of a condenser aerial would need to be 
0.00102 microfarad, which would be given by a pair of square 
plates 1 meter apart and 10.7 meters on a side. The height is 
thus reduced in the ratio of about 25 to 1, and the horizontal 
dimensions 3 to 1 in comparison with the coil aerial. 

. aer i a l can be made as small as desired. If a given coil 
is to be used in series, the capacity of the aerial is maintained 
constant by reducing the distance between the plates when 
the area of the plate is reduced. The author made some 
interesting experiments with a small condenser aerial as a 
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receiving device, used inside the laboratory with no ground 
connection. The plates consisted of copper netting. The top 
plate was 250 cm. square and the distance between them was 
15 cm. The signals received, with either a crystal detector or 
electron tube, were roughly of the same intensity as those 

received with a simple coil aerial of the type and size ordinarily 
used as a direction finder. 

The indication of absolute direction of propagation of the 
waves as well as line of propagation which has been developed 
by French and other workers, using combinations of ordinary 
antenna and cod aerials was observed in the experiments on 
the condenser aerial. An inductance coil of rather large dimen- 
sions used in series with the condenser acted as a receiving 
aerial. As this coil was rotated, the signal varied from maxi¬ 
mum in one angular position to zero in a position 180 deg. 
from the first, instead of 90 deg. as occurs when a coil aerial is 
used independently of any antenna action. Apparently the 
action of the condenser aerial reinforced that of the coil in one 
position and neutralized it in the opposite position. When 
the connections to the coil were interchanged, the effect shifted 
180 d§g. Reversing the connections of the coil reverses the 
e. m. f. in the coil, E, in Fig. 6, just as a reversal of the direction 
of the wave would do, whereas the direction of the e. m. f. in 
the antenna or condenser aerial is unchanged. The reason why 
the condenser e. m. f. can neutralize the coil e. m. f. is probably 
that the capacity of the coil introduces different values of 
reactance to the two e. m. fs. Thus, when the circuit is tuned 
for one of these e. m. fs. the currents due to the two differ 90 
deg. in phase. This phase angle may be shifted 180 deg. by a 
very slight variation of the reactance of the circuit. Because 
of this, systems for determining the absolute direction of radio 
waves require very delicate adjustment. 

The ordinary laboratory type of condenser used in radio 
circuits does not function as a condenser aerial. This is be¬ 
cause the interleaving of the plates results in the current in 
each portion of the dielectric being balanced by the current in a 
neighboring portion. This is discussed further below in Sec. 
VI 3 and illustrated in Fig. 17. 

V. TRANSMISSION FORMULAS 

1. Statement of Formulas 

The current received in any aerial may be calculated in terms 
of the current in any transmitting aerial, either antenna or coil 
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by the following four formulas. They are derived by combin- 
ing equations (8), (10), ( 19 ), a nd (23). The symbols are as 
previously given, also stated in the Appendix below. 

Antenna to antenna: 

7 _ 188 .h.h r I, 

R\d ( 40 ) 

Antenna to coil: 



1184 . h.h r l r N r I ., 
ItTFd 


Coil to antenna: 


( 41 ) 



1184 . h a l, h r N a I s 
R X 2 d 


Coil to coil: 


( 42 ) 


T _ 7450 . h, l, hr lr N. Nr I. 

r mjd 


(43) 


Formulas speh as (40) have existed heretofore. The for¬ 
mulas here given generalize the antenna-to-antenna formula, so 
that calculations can be made for any kind of aerials. 

The lengths in these formulas may be in any units, provided 
the same unit is used for all the lengths. The meter is usually 
. e m ° st convenient unit. If the heights and wave length are 
m meters a.nd the distance d in miles, the four constants in the 
four formulas become respectively: 

0.117 

0.736 

0.736 

4.63 


To calculate the distance at which a given current will be 
receive , as when a particular receiving arrangement is speci- 
hed, the formulas may be stated explicitly for d. I r and d are 
interchanged _m each formula. For example, the formula for 
antenna-to-coil ( 41 ) becomes 


d = 118i - h *hrlrN r L 
R X 2 J. 


( 44 ) 


A U ° f ^ ese trans mission formulas are for daytime trans¬ 
mission. Greater values are obtained at night, probably be- 
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cause the waves are reinforced by reflection from ionized layers 
of the upper atmosphere, which are broken up by sunlight in 
the daytime. The formulas are all subject to correction fac¬ 
tors for distance and for decrement. If the distance is very 
great (in ordinary cases, over 100 kilometers), the right-hand 
side of the formula should be multiplied by the correction factor 
F i. The value given below for F x is for transmission over sea 
water. Its value for transmission over land would be greater. 
If damped waves are used, the correction factor F 2 should be 
similarly applied. Furthermore, if the plane of the receiving 
coil is not parallel to the direction of propagagtion of the wave, 
the correction factor F s must be similarly applied to form ulas 

(41) and (43) and related formulas such as (44). In formulas 

(42) and (43) the direction of the wave is taken to be that of 
the plane of the transmitting coil. The three correction factors 
are: 

]j' l as e ~0-000047 d/^/\ ^ 

I (20) 

600 .Lb' 

R A 

F 3 = cos a (24) 

All of the correction factors make the resultant numerical 

values smaller. 

2. Discussion of Transmission Formulas 

The power of wave length in the denominator is different in 
the several formulas. Thus when a coil aerial is used for both 
transmitter and receiver the received current is inversely 
proportional to the cube of the wave length. Thus trans¬ 
mission between coils is better the shorter the wave length. 
This advantage of coils at short wave lengths applies only for 
short-distance transmission. When the distance is hundreds 
or thousands of kilometers, the increased absorption of the 
waves makes the correction factor F x so great that short waves 
are impractical, so for long distances the comparison favors the 
antenna rather than the coil. The coil compares most favor¬ 
ably with the antenna, then, for transmission over short 
distances with very short waves. This is subject to the 
proviso that current of the same order of magnitude can be 
gotten into a transmitting coil aerial as into an antenna, or 
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* 

that the resistance of a receiving coil is the same as that of a 
receiving antenna. Neither of the assumptions is wholly 
fulfilled, in practise, with the result that the difference of 
applicability of the two kinds of aerials at long and short wave 
lengths is less marked. For additional comparisons of an¬ 
tennas and .coils and further discussion, see Sec. IV above. 

Limitations of Formulas . The formulas can not be expected 
to give results of great accuracy, certainly not better than a 
few per cent, because of the ideal conditions assumed in their 
derivation. Thus it is assumed that no image of the aerial 
exists in the ground beneath it, that is, the ground is not 
perfect as a conductor. As a matter of fact, the ground varies 
p*eatly in conductivity; and while in most cases the currents 
induced in the ground below a transmitting or receiving aerial 
probably have very little effect, these currents may be appre¬ 
ciable in some cases. This is discussed further below under 
Height of Aerial.” On account of the uncertainty introduced 
y the ground, the formulas may apply better to airplane 
aerials than to those on ships or on land. 

There are otfeer sources of uncertainty in the application of 
hese formulas. An antenna does not form a flat-plate con¬ 
denser with the ground of such form that the curving of the 
held at the edges can be neglected. The simple method of 
calculating the radiated field is thus in doubt. Similarly, in 
he case of a radiating coil, the field from the top and bottom of 
e coi may have some effect at a distance, which has not here 
een . a en into account. It is not certain with how great 
propriety the earth’s surface can be taken to be equivalent to 
he equatorial plane of the radiating aerial. Frequently radio 
waves ave a wave front that is tilted and not perpendicular 
to the earth s surface as assumed in the calculation of received 
furthermore, the formulas assumed uniform current 

thP3 h ° Ut the T ia ’ Which sometim es does not hold because 

ortwm have a 7 ertical P° rtion of appreciable capacity 

lations im haVe ratlier lar ® e distributed capacity. Calcu- 

uncertaiS-l 0 V - n - S T a6 ? als are sub i ect to the additional 
certainty ansmg from the capacity of the coil to ground or 

oil SU ?StT S ° T * aCtS Kke an antenna aa well i a 

Another diffi^rT Un ? r ‘ <Alltenna Effect” in Sec. VI 3. 
Another difficulty discussed m the same Sec. is the effects of 
surrounding objects. euects oi 

these departures in the action of the aerials and the 
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behavior of the waves from the conditions assumed, it is impos¬ 
sible to calculate received currents with great accuracy. It is 
almost surprising that the experimental results check the 
formulas as closely as shown in Sec. VI 2 below. 

Height of Aerial. The value used for h is the length of the 
vertical side of a coil aerial, the distance from the surface of 
the ground to the flat top of an antenna, or the vertical distance 
between the two flat plates of a condenser aerial. In previous 
discussions it has been assumed that the ground beneath an 
antenna was a perfect conductor and thus the height of the 
radiator was twice the value of the h defined here. Experiment 
however corroborates the view here taken, which assumed that 
the radiating structure is independent of the earth, the waves 
becoming attached to the earth soon after leaving the antenna. 
In the present state of our knowledge the most satisfactory 
conception is that the radiating structure is the actual structure 
above the ground level. (Questions of the conductivity of the 
ground, presence of earth currents, etc., near the radiating 
aerial, are expressly not considered). 

Austin's empirical formula 1 for antenna-to-antenna trans- 
mission is equation (40) with a constant twice as great, and 
quantities hi and h 2 used instead of h s and h r . These quantities 
hi and hi are the “height to the center of capacity” of the 
transmitting and receiving antenna, respectively. This height 
is not defined, but its value for any particular antenna is the 
value that is required to make experimental results fit the 
formula. Now, as has been stated, such experiments as have 
been performed agree in general with formula (40). For 
instance, see the first two examples in Sec. VI 2 below. It 
must follow since the constant in Austin's formula is twice as 
great as the constant in (40) that 

hi hi = 1/2 h a h r 

This may be satisfied by various values of hi and h 2 . One set 
of values would be 

hi = 0.5 h, 

hi = 1.0 h r 

Another would be 

hi = 0.707 h, 

hi = 0.707 K 

Austin's values for the height of various antennas thus deduced 
in such a way as to make them fit the experimental values 

1. Scientific Paper of the Bureau of Standards No. 226, Equation 5. 
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observed, do in fact vary from half to full value of the actual 
antenna heights, and average around 0.7 the actual eights. 
It is much simpler and more direct to use the formula and the 

* , . Ins paper, bearing in mind t hat it 

is subject to the uncertainties introduced by the varying: charac¬ 
ter of the ground. 

The idea that the ground is not a good enough conductor to 
form an image of a transmitting aerial, and that -the waves 
become attached to the ground after leaving the aerial, is in 
harmony with the ideas of Lodge and Muirhead, already 
referred to. They found that they got better transmission by 
using what amounted to a condenser aerial, elevated from 

^ with no ground connection. This conception conflicts 
wi h the commonly accepted view that Marconi’s achievement 
was the connection of a radiating system to the groun d - What 
then was Marconi’s achievement? The best answer to this 
may be one stated to the author by Prof. A. E. Kennedy , viz., 
the use of a large radiating system, arranged vertically- 




VI. experimental verification of formulas 
1. Principles of Measurement of Received Current’ and 

Voltage 

The formulas presented in this paper not only make it 
si e ° ca cu ate approximately the field intensity prod uced 
or current received with given aerials, but also give the basis 
for determining what constants to select for the circuit of a 
particular aerial to secure the maximum effect. In other wor 
ese formulas furnish the principles of design of aerial cire 

tirJTW a ^ rea *' many points not obvious from mere ins 
, of formulas > which are of importance equally in dt 
m the measurement of received signals. These will now 
e considered. While this discussion is limited to what takes 

Same Princil,les treatment 
cm rea.dily be applied to transmitting aerials. 

of different’wats^T^ ^ V ° ltage can be measured in a number 

is bdnTcZft l 18 important t0 know J ust what quantity 
! bemg consid ered or measured. Suppose an indicating 

instrument G, which may be a galvanometer or a telephone 

t0 a reCtifyiDg device * parallel"* with 
the condenser of the receiving circuit, as in Fig. 7, where either 

L is a coil aerial or else C is an antenna, or condenser aerial 

oes the indication of the instrument measure directly ( a ) the 
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e.m.f. which the wave causes to act on the circuit C L, (b) the 
current in the circuit, or (c) the voltage across the condenser? 
The answer is, of course, none of these things. The system 
can, however, conveniently be calibrated in terms of the voltage 
across the condenser. This voltage V is related to the received 
current I r by the relation 

V = -hr (45) 

00 o 

and since I r is related to the e. m. f. acting by 

Ir = E/R, 

the relation of V to E is 

_ E 

V _ R wC 

When a detecting apparatus like that of Fig. 7 is used, in 

■>* 

I_ 

c 


0 -*. 

Fig. 7—Aerial Circuit with Fig. 8—Aerial Circuit with 
Detecting Apparatus Across Current Measuring Instru- 
the Condenser ment in Circuit 



(46) 

(47) 


which the deflections or signals depend directly on the voltage 
across the condenser, the results obtained with various receiving 
circuits will be entirely different from those obtained when the 
current in the circuit is directly measured, as in Fig. 8. Equa¬ 
tions (46) and (47) show at once-that the effects of varying the 
constants of the receiving circuit will be different, depending 
on whether it is E, 7 r , or V that is being measured. These 
three quantities for a receiving antenna are, from equations 
(17), (46), and (47), for unit magnetic field intensity, 


E a 

= 300 . h r 

(48) 

la 

= 300 . h r /R 

(49) 

V. 

= 30° -Ac ■ 

(50) 


The quantity h r may be called the “e. m. f. reception factor” 
for an antenna, the e. m. f. in the receiving circuit is propor- 
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tional to it. Similarly h r /R may be called the "current recep¬ 
tion factor” since it determines the received current. And 

or the equivalent may be called the “voltage 


reception factor” of an antenna since it determines the voltage 
across the antenna. 

The most favorable or optimum value of any of the variables 
that determine the antenna e. m. f., current, or voltage, can be 
determined either by direct experimental measurement of their 
values when actually receiving or by. calculation from the 
reception factors. It is desired to learn simply what will 
produce the maximum E a) I a , or V a . For example, it is obvious 
that E a increases indefinitely as h r increases, but more careful 
consideration is required to determine what will be the effect 
on the received current of increasing h r . The reception factors 
furnish an alternative to direct reception measurements, re¬ 
quiring instead measurements upon the constants of the aerial 
circuit. 

Coil Aerial Reception Factors. The e. m. f. applied by 
the passing wave to a coil aerial, the current in the circuit, 
and the voltage across the condenser are, from equations 126) 
(46), and (47), for unit magnetic field intensity, 


E = 600 . 7r a \ N = J_ a2 N 

x !0 8 VCL 



I = 600 


7T 


a 2 N 


R X 


a 2 N 


10 s 


V = 36 . 7T 2 10 12 


a 2 N L 
R X 2 


R VCL 

1 a 2 N 
IQ® RC 


(52) 


(53) 


heStanS ^ COil t0 be square havin S both 

height and length = a. For a coil that is not square, the for- 

Sl a re a c P e n«;. r ? Ia f Cillg ^ Two Values are *>r 

since n if ™ f ° r; he &St ° f tbe two is the more useful, 

^eptfon onTthanTa t0 ° f the 


E. m. f. reception factor = a ^ 


X 


(51) 


Current reception factor = a ~ 

R X 


( 52 ) 
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XT'! • /Vf /j 

Voltage reception factor = „ ( 53 ) 

Design of Receiving Coil Aerials. The response produced in 
a coil aerial circuit may be measured in a great variety of ways. 
In the first place, it may be considered either from the view¬ 
point of the e. m. f. acting, the current, or the voltage across 
the condenser. The first of these, the e. m. f., E, may be 
determined for any particular case from the e. m. f. reception 
factor in (51). The current I or voltage V may each be deter¬ 
mined in four different ways: (a) by direct measurement with 
a suitable instrument, (b) by measurement of the quantities 
which make up the appropriate reception factor, (c) by mea¬ 
surement of signal strength in some such device as sketched in 
Pig. 7, which has been calibrated in I or V, (d) from a “signal 
intensity reception factor," which can be calculated for any 
signal measuring device when the law connecting the signal 
intensity with either I or V is known. 

The design of a receiving coil requires knowledge of the 
dependence of the current or voltage upon the dimensions, etc., 
of the coil. Measurements made in all of the ways just 
enumerated give results in agreement with one another, pro¬ 
vided due care is given to the avoidance of errors. The sources 
of error are numerous, as discussed in Sec. 3 below. 

While direct measurement of the received current or voltage 
can be replaced by calculation from the reception factors, the 
fact remains that the design of an aerial requires experiments. 
This is because the quantity R in the reception factors cannot 
be obtained by calculation. It must be obtained by measure¬ 
ment for the particular coil and mode of connections employed. 

Measurements upon receiving aerials to determine their 
constants and the best design for given conditions constitute a 
most interesting study. In later publications, the results of 
experiments will be published giving such data for typical coil 
aerials. 

The capacity C in the formulas is the total capacity of the 
circuit, including the capacity of the coil, L is the pure induc¬ 
tance of the coil, and R is the actual resistance of the circuit. 
R includes the resistance of the conductors, effective resistance 
of the condenser and of the coil capacity, effective resistance of 
the detecting apparatus, and radiation resistance. All of 
these vary with frequency, and thus measurement of R at the 
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frequency concerned is necessary. On account of the com¬ 
plexity of the quantities entering into the total R, its measure¬ 
ment is no easy matter. The capacity of the coil and other 
stray capacities may easily vitiate the measurement of R, C, or 
L * The effect of the detecting apparatus always requires most 
careful consideration. Even if D in Fig. 7 is an electron tube,, 

it is necessary to consider the resistance which it introduces 
into the aerial circuit. 

* 

Dependence of Received Current and Voltage on Dimensions of 
Coil and Wave Length . Let'# c = resistance of coil and R x = 
resistance external to coil; 

R — Rx d - R c 


Current reception factor = - — 


(Rx + R c ) X 


(54) 



Fig. 9 Dependence op Re¬ 
ceived Current on Number of 
Turns 



I 


Fig. 10—Dependence of Re¬ 
ceived Current on Wave 
Length when External Resis¬ 
tance is Large 


£jth!and°siz 0 e ^Usd^d ™ ber of turns ’ wave 

the variation of the quantified rSf d the 

eussions the spacine hetud ? 54 ' , In . the following dis- 

resistance and inductance k J! ° f Wlre ’ Which affects 

a Varvincrtd’ 1S assumed constant. 

v ar ymg N, With X and a constant D ■ , 

compared to R c , we see from ( 54 ) When R * 1S large 

IaN 

Rc is large compared to R «inr>P k> „ at ,, 

However, R c incre f “ C ° nstant " ' ’ ^ 7> 

as N is increased, becttdTthf ^ pr °P° rtional to N 
and hence I decreasS S ol of the added turns, 

being strictly constant. hat as N increases instead of 
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R x is likely to be large compared with R c when N is very 
small, and hence for small N, the variation of I with N will be a 
straight line, as shown in Fig. 9. As N increases, R c becomes 
large compared to R x and the tendency of I to increase with N 
is reversed. As a result the curve of I has a maximum. The 
value of N at this point may be called the “optimum number 
of turns.” Its value will be greater the greater the external 
resistance. 

b. Varying X with N and a constant. When R x is large 
compared to R c and does not vary appreciably with wave length 

I a 1/A 

This variation is shown in Fig. 10. When R c is large compared 



Fig. 11 —Dependence of Re¬ 
ceived Current on Wave 
Length when Coil Resistance 
is Large 


Pig. 12 —Dependence of Re¬ 
ceived Current on Size of Coil 
when External Resistance is 
Large 


to R x , however, since R c a 


VA 


, roughly, 


I a 


vx 


However, the effect of the adjacent turns increases E c faster 
than stated as X is diminished and hence I tends to approach a 
constant value for short wave lengths, as shown in ig. 
These conclusions may, however, be vitiated by the varia ion 

of R x with X. . 

c. Varying a, with N and X constant. When R x is 

compared to R c , 

I a a 2 

This is shown in Fig. 12. When R c is large compared to R x 
since R c aa, 


I a a, 
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giving the straight line in Fig. 13. From these two extreme 

cases it follows that an actual curve is likely to have a form 

that is a combination of these two, as shown in Fig. 14. 

d. Varying a, with X constant, allowing N to vary in such a 

way that length of wire in constant, fhe conditL is tha? 
N a 1/a , 

When R x is large compared to R c , 


l a a 


The curve of / is thus a straight line. When R c is large com¬ 
pared to R x , the same conclusion holds but only roughly. R 
increases slightly as a is decreased because of the proximity of 

a 1+ ™ S ’. hence 1 increases a little faster than proper- 

tional to a. This is shown in Fig. 15. P 



Fig. 13—Dependence 
of Received Current 
on Size of Coil when 
Coil Resistance is 
Large 


Fig. 14—Dependence 
of Received Current 
on Size of Coil in 
Typical Case 


Fig. 15—Dependence 
of Received Current 
on Size of Coil when 
Length of Wire is 
Kept Constant 


The voltage reception factor differs 
tion factor by L/\ 

Thus, 


from the current ree ep 


V a. Voltage reception factor = 


U/ iv JU 


WT+TtJT* (5S > 


of voltage vSr Pr< J )Iem to determ | n e the variation 

be considered in addition °Tv CaUSe ^ variation of L must 

W as was done rtoWor e„ 2* Tl v ^ ^ <**■ 

relations: rrent, taking into account the 

L a N 2 - 


L a \°~ 
L a a l + 


R c a N x + 
1 


Rfc OL 


Xi + 


R c ol a 1 
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where the + or — sign after the exponent indicates that the 
actual power is slightly greater or less than that given. 

The relations obtained for voltage are similar to those 
obtained for current. There are some characteristic differences 
as, e . g with varying N the optimum number of turns comes 
out greater than for received current. Thus when the 
detecting apparatus depends essentially on the current the 
size of the coil should be as large as possible, whereas when it 
depends essentially on the voltage across the condenser the" 
number of turns should be as large as possible. 

On the whole, the received current or voltage or signal 
intensity is increased by increasing the dimensions (.N and a), 
and by decreasing the wave length. These conclusions are 
subject to the limitation, discovered by French experimenters, 
and qualitatively obvious from the known increase of R near 
the natural wave length X 0 of a circuit, that poor results are 
obtained if X 0 > 1/3 X. Thus the dimensions of the coil can 
not be increased, or the wave length decreased, indefinitely. 
Beyond the limit mentioned, in fact, better results are obtained 
by decreasing the dimensions of the coil. 

It is an-interesting fact that these discussions apply not only 
to the design of a coil aerial for receiving signals but that they 
also solve the problem of design of wavemeters. The choice 
of constants of a wave meter coil for any particular case is 
settled by the formulas and ideas here presented. The con¬ 
siderations given for received current and voltage apply 
respectively to the design of wavemeters for measurements 
upon undamped or damped waves, i. e., to the securing of 
minimum resistance and minimum' decrement respectively. 

2. Examples of Measurements 

Measurements having as their object the verification of the 
transmission formulas were discussed in the preceding section. 
Any experiments which verify the transmission formulas may 
also be considered as checking the “theoretical formulas” and 
“comparison formulas”. In fact experimental tests of the 
transmission formulas are the most rigorous test of the theory 
presented in this paper. All of the limitations and errors 
discussed in Sec. V 2 affect the transmission formulas while 
only a portion of them affect the theoretical and comparison 
formulas. 

The complicated practical conditions of any experiment, the 
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tilting of the wave front, the combination of antenna and coil 
effects discussed in the next section below, and other uncer¬ 
tainties make close agreement between theory and experiment 
unlikely. Agreement to 30 per cent should be considered as 
highly satisfactory verification of the essential correctness of 
the theory. On account of its field being more definitely 
localized, experiments with a coil aerial may be expected to 
yield greater accuracy than experiments with an antenna. 
The same advantage appertains to a condenser aerial. No 
quantitative data have been obtained, with condenser aerials, 
to the author’s knowledge; such experiments would be very 
desirable. 

Experimental data obtained at the Bureau of Standards on 
radio transmission and reception are presented below. The 
agreement between the received current observed and the 
values calculated from the transmission formulas can be con¬ 
sidered as very satisfactory. The author is informed that 
experiments made .by the Signal Corps have led to a similar 
verification. In some of the Signal Corps experiments it was 
thought at one time that wide departures from the transmission 
formulas for coil aerials were observed, the received current 
for very short waves being much less than the transmission 
formulas indicated. When, however, the actual values of the 
resistance' at wave lengths used were determined, the agree¬ 
ment was very good. Particular care must be given to proper 
measurement of the resistance of the receiving aerial circuit. 

Antenna to Antenna. Experiments which supply a check on 
formula (40) have been published by Dr. Austin, chief of the 
Naval Radiotelegraphic Laboratory located at the Bureau of 
Standards. 

For transmission between two antennas located on shi ps 
(Jour. Wash. Acad. Sciences, 1, p. 275; 1911), h, = 29.2, 
K = 29.2, I. = 30., R = 25., X = 1000., d = 1000. The 
lengths given in all these examples are in meters. Calculating 
from (40), 

I r calculated = 0.19 

J r observed =0.21 

For the Washington Navy Yard antenna transmitting to an 
antenna at the Bureau of Standards (Bull. Bureau of Standards, 

11, p. 74; 1914), h. = 36., h T = 30., I. = 7.0, R = 70., 
X = 2800., d = 10,000. Calculating from (40) and (20) 



1919] DELLINGER : RADIO TRANSMISSION 1387 

1 T calculated = 0.53 X 10 - 3 
I r observed = 0.55 X 10 — 3 

As already pointed out, the agreement of observed values 
with the transmission formulas indicates that it is proper to 
take as the antenna height the actual height from the ground 
to the flat top. 

Antenna to Coil. A number of experiments to check the 
antenna-to-coil transmission formulas have been made at the 
Bureau of Standards radio laboratory since early in 1917. 
The first ones did not involve quantitative measurements but 
served to give a rough check on the formulas. The calculated 
value of current was compared with the current as estimated 
from the loudness of signal in a telephone receiver connected 
to various types of detecting devices. These signals were 
interpreted on the assumption that a fairly audible response is 
given by the currents indicated with the several types of 
detector. 

10~ 2 ampere, thermoelement. 

10“ 4 ampere, crystal detector. 

10“° ampere, simple audion. 

10“ 8 ampere, oscillating audion. 

For the Arlington antenna received on a coil aerial at the 

Bureau of Standards, h s = 122., h r = 4., l r = 4., N r = 22., 
I, = 102., R = 25., X = 3800., d = 7800. The received cur¬ 
rent calculated from (41) is 0.0018 ampere. The observed 
signal using crystal detector and telephone, was very loud, 
thus checking in a qualitative way the result calculated value. 

Two similar qualitative experiments were made, transmitting 
from an antenna at the Bureau of Standards and receiving on 

a portable coil aerial. In one experiment, h s = 36., h T = l r 
= 1.07, N r = 11., I s = 0.5, R = 2., X = 850., d = 16,000., 
whence calculated I r = 11 - X 10“ 6 . In the other, h s = 12., 
hr = It = 1.07, Nr = 11., A = 0.25, R= 2, X = 600., 
d — 11,000., whence calculated I r = 5.7 X 10“ G . In both 

cases the observed signal was loud with a simple audion, again 
giving a qualitative check on the formula. 

A number of experiments have been made by Dr. Austin 
during 1918 and 1919, who has kindly placed the results at my 
disposal. A couple of typical ones will be given. For the 
Arlington antenna transmitting to a coil aerial at the Bureau 
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of Standards, h, = 122., h r = 1.82, l r = 1.29, A r = 56., 
I s = 100., = 50., X = 6000., d = 7800. 

J r calculated = 1.4 X 10~ 4 
I r observed = 2.1 X 10~ 4 

For the same antenna, transmitting to a large coil suspended 
from masts outdoors, h s = 122., h r = 21.6, l, = 24.4, N r = 7. 

L = 100., R = 50., X = 10,000., d = 7800., a = 42 deg. 
From (41) and (24), 

It calculated = 1.0 X 10 -3 
I r observed = 1.2 X 10~ 3 

A large number of transmission experiments from antenna 
to coils have been made by the radio laboratory of this Bureau 
in the early part of 1919. In a typical case, where h s = 21., 

h r = l T = 1.44, N r = 8., I, = 3., R = 7.7, X = 700., d 
= 4800., 5' = 0.1, L = 541. microhenries. From (41) and 
(20), 

I r calculated = 24. X 10~ 6 
I r observed = 28. X 10 -6 

The fact that the observed current is larger than the calcu¬ 
lated, in these and other cases, is probably due to the antenna 
effect, discussed in the next section. The coil structure has 
capacity, which makes it receive the wave by antenna action in 
addition to the coil action, thus increasing the current actually 
received. 

Coil to Antenna. In an experiment made by Dr. Austin, 
with a large coil at the Bureau of Standards transmitting to 

the Arlington antenna, h, = 21.6, l 3 = 24.4, h r = 122., 
N s = 4., 

N s = 7., I s = 1, R = 50., X = 2800., d = 7800, a = 42 deg. 
From formula (42), 

I r calculated = 1.3 X 10~ 4 
I r observed = 1.5 X 10~ 4 

Coil to Coil. The only data available to the author on the 
use of the coil aerial for both transmitting and receiving are 
from experiments made in 1917 by Messrs. Kolster, Wil¬ 
loughby, and Lowell, and these are only qualitative. For 
transmission from a coil at the Bureau of Standards to a 

portable coil 40. kilometers away, h, = l, = 3., h r = l r = 1-, 
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N. = 4., N r = 15., L = 10., R = 1., X = 600., d = 40,000. 
The received current calculated from formula (43) is 4.6X 

10~ 6 . The observed signal was loud with a simple audion. 

For transmission from a coil located at a lighthouse to a coil 

on a ship 48 kilometers away, h, = l s = 3.05, h r = l r = 1.22, 
N, = 3., N r = 10., L = 10., R=2.\ X = 550., d =48,000. 
The calculated J r is 1.6 X 10'=. The observed signal was 

audible on a simple audion. Comparing with the current 
sensibility of an audion stated above, it is seen that both of 
' these results furnish a rough check on the formula. 

3. Discussion of Experiments 

The agreement of the experiments with the theory is highly 
satisfactory in view of the simple conditions assumed in the 
theory. The complex practical conditions preclude the likeli¬ 
hood of agreement within a few per cent. The various limita¬ 
tions of the formulas arising from actual experimental condi¬ 
tions are discussed above in Sec. V 2. 

One characteristic of the experiments with coil aerials is . 
that the observed value of received current is in every case 
greater than the calculated value. This strongly suggests that 
the action of the coil structure involves something additional 
to the pure action as a coil. This would be expected also from 
theoretical considerations. The inevitable capacities between 
parts of the aerial circuit must introduce an action analogous 
to that of an antenna. When it is borne in mind that the coil 
action is really a second-order effect in comparison with the 
action of a system of antenna nature, it appears extremely 
likely that the stray capacities of any coil aerial circuit would 
introduce an antenna effect which would have to be considered 
in addition to the pure coil effect. Besides the reasons thus 
. given by theory and by the excessive values of current observed 
in experiments with coil aerials, there are two other lines of 
evidence that the antenna effect is not negligible in coil aerials. 

One of these additional lines of evidence is furnished by 
measurements of current in different parts of a Coil aerial or 
the circuit thereof. If the capacities between parts are appre¬ 
ciable some of the current must leave the conductors and flow 
off into the dielectric; the current observed with an ammeter 
must therefore be different in different parts of the circuit. 
These differences are actually found. The fourth kind of 
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evidence that the antenna effect is appreciable in coil aerials is 
furnished by considerations of radiat ion resistance, 
now be discussed. Following that, the antenna effec 
considered in more detail. 

Radiation Resistance. It is possible to determine whether in 
a given system the antenna effect or coil effect predominates by 
measurements of radiation resistance. The radiation resis¬ 
tance has different values and follows different laws for antenna 
and coil. 

Radiation resistance in general is defined by 

* R /■ (56)' 

in which I is the current in the aerial used as a transmitting 
device, P is the power radiated, and I! the radiation resistance’ 
The study of radiation resistance is an important means of 
facilitating work on aerials. This may be seen from the simple 
fact that the magnitude of the radiation resistance gives at 
once the power radiated, and hence the effectiveness cVa 
transmitting aerial or the range ol <*om in unicat ion can be 
judged without making transmission experiments* Field tests 
aie thus in large part replaced by laboratory measurements. 
In addition to this, it is possible to discriminate between the 
antenna and coil effects. 

T[he magnitude of the radiation resistance of a flat-top 
antenna, at wave lengths considerably greater than the funda¬ 
mental, is given by the well-known expression 

Ii a ~ '(39.7 A/X)’- (57) 

An approximate expression for the radiation resistance of a 
coil can be derived very simply, as follows. When a radiated 

Tri£kl/T Air*trt+'r* £ ..... i* , « 


field exists in any part of space, the relation of the power 

radiated through that portion of space to the magnetic field 
intensity there existing is 

V a II 

\ - ” / 

lor any given distance from the source, whatever the source may 
e. Ihe total power radiated is proportional to the integral 
oi I over any surface entirely surrounding the source. This 
integral will be of the same form for II.., the field due to a coil, 
as for H a , the field to an antenna, except for the effect of the 
variation of H,. in a plane around the radiating coil, which 
varies from zero to the value given in (10) for any given distance 
rom the source. As a first approximation, this variation may 
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be considered to make the integrated value of H c one-half as 
great as it would be if H c had the value given in (10) in all 
directions around the radiating coil. 


P c 1 He 2 
P a ~ 2 H a 2 



From (8) and (10), for a given distance from the source and a 
coil and antenna of same height with same current, 



(60) 


From (56), 


R, 


Ra 


Pa 


Hence from (59) and (60) 


R, 


2 ir 2 


PN 2 


R a X 2 

Inserting the value of R a from (57) 

h 2 P N 2 


R c = 31,100. 


X 4 


If the coil is a square one with h = l = a, 

R c = (13.3 a/X) 4 N 2 (61) 

This approximate expression for radiation resistance of a coil 
gives at once the variation with size, number of turns, and 
wave length. E. g., for a set of coils of varying size, in which 
the length of wire is kept constant, R c a 1 /2V 2 . It shows that 
for a given ratio of size to wave length, R c a N 2 . The principal 
point of interest is that R c is inversely proportional to the 
fourth power of wave length. 

Since the radiation resistance of an antenna is inversely 
proportional to the second power of wave length, and that of a 
coil inversely proportional to the fourth power, the radiation 
resistance furnishes a means of determining whether a given 
structure functions as a coil or as an antenna. Rough deter¬ 
minations of radiation resistance which were made upon a 
particular coil aerial showed a variation of observed radiation 
resistance inversely as the third power of the wave length, thus 
verifying the idea that the action is a combination of coil and 
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antenna effect. The observed values however were all higher 
than the sum of the theoretical R a and R c . The measurement 
of radiation resistance is an extremely difficult operation, and 

satisfactory methods can not be said to have been developed as 
yet. 

Antenna Effect. Since there are differences of potential 
between various parts of a coil, acting either as a transmitting 
or receiving aerial, there must be some dielectric current 
through the space around the coil and between the coil and 
ground. It follows that there must be some antenna action, 
proportional to the amount of this dielectric current and the 
length of path over which it flows, and this will produce a 
current additional to that produced by the coil action unless 
the coil structure happens to have an exact' symmetry which 
causes the antenna effect in each part of the coil to be balanced 
by an antenna effect in some other part. 

Fig. 16 shows the origin of the antenna effect. As in ordi¬ 
nary practise, the leads cause some part of the apparatus to be 
practically at ground potential, the shield of the condenser is 
shown connected to ground. An appreciable dielectric current 
flows from various parts of the conducting circuit to other parts 
and to ground. Typical paths of this dielectric current are 
shown by the dotted lines. The line a b suggests the dielectric 
current from the coil structure to ground, the lines cd and ef 

th , e .? iel ! Ct r C current between turns of the coil, and the line 
g A the dielectric current between coil and leads. The flow of 

dielectric current between turns of the coil is in a horizontal 
toection when the coil is of prismatic form with the turns 
separated and all of the same area. This part of the antenna 
^fect arises m a receiving coil of this form only when the wave 
front is more or less tilted from the vertical. 

On account of the flow of current off through the dielectric 

Parts . ° f the , circuit ’ ammeters placed at different 
places m the circuit would show different values of current to 

„ 11T . rPTl T mg n, n radio circuits it can not be assumed that the 

as wa! awT 5 X P °) ntS around the conducting circuit, 

frequency c^ffim^ Vw his J nvesti gati 0 n of high- 

da^S 2oT mB lbed “ BUrmU ° f Stm - 

ductors h of tW th f theS u dielectric currents flow, the con- 

Perham^ t 7 may be considered as an antenna system. 
Perhaps only the current typified, by the line a b might be 
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thought of as giving rise to an “antenna” effect, since the others 
do not flow to ground; still this part of the dielectric current 
does not differ from the others in nature or effect, and it seems 
hence advisable to use the suggestive term “antenna effect” to 
indicate all of the effects arising from the presence of currents 
in the dielectric. 

It might be supposed that the same sort of an effect would be 
caused by the flow of dielectric current in the condenser of the 
coil aerial circuit. This is not true ordinarily because a con¬ 
denser of the laboratory type is used, in which the condenser 
plates are interleaved. As shown in Fig. 17, the current in one 
direction in the dielectric is balanced by a current in the oppo- 


c 




Fig. 16— Paths of Dielec- Fig. 17 —Directions of Flow 

tric Currents which Cause of Dielectric Currents in 
Antenna Effect in Coil Aerial Laboratory Type of Conden¬ 
ser 


site direction in the neighboring part of the condenser. This 
is a non-radiating condenser; and is the analog of a non- 
inductive coil, which is also non-radiating. A condenser 
consisting of a single pair of plates would radiate, but is not 
ordinarily used because it would be much bulkier than the 
laboratory type of condenser. The condenser consisting of a 
single pair of plates would be in fact the “condenser aerial,” 
which has been recommended by the author in Sec. IV 3 as 
worthy of serious consideration in radio practise. 

The effect of the distributed capacities of the aerial circuit 
must not be confused in any way with the phase angle between 
the fields existing at the two vertical sides of the coil aerial. 
The phase angle referred to is the seat of the action of the coil 
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aerial as such. The dielectric* currents flowing in the distributed 
or stray capacities of the circuit, however, give rise to the 
direct action as an antenna, not depending in any way on the 
separation between the two vertical sides of the coil. All of 
these remarks apply both to transmission and reception. 

It is rather difficult to determine what fraction of the effect 
of a coil aerial is due to antenna action and what part to coil 
action. In many cases, doubtless, the antenna action pre¬ 
dominates. It is possible, however, to separate the effects in 
any particular case by the several different methods. The 
antenna effect may be calculated, at least for parts of the cir¬ 
cuit, by the aid of careful ammeter readings which show what 
amount of the current has flowed off into the dielectric. The 
antenna effect may be eliminated, thus leaving only the coil 
effect, by a carefully arranged system of shields and grounds; 
or, by a symmetrical arrangement of the coil structure which 
causes the antenna effect, in each part l.o be balanced by the 
antenna effect in some other part. The coil effect may be 
eliminated, on the other hand, in the case of a receiving coil, by 
taking advantage of {.lie fact, t hat t he coil effect depends on the 
direction of orientation while the antenna effect (at least the 
major part of if j does not; /. <*., by turning the coil so its plane 
is parallel to the wave front. A method which eliminates the 
coil effect and retains a part of t he antenna effect is to open one 
of the coil leads, thus leaving the coil aerial connected to the 
circuit at. one point, placing in series with it an inductance coil 
of very small dimensions but of the same inductance, the circuit 
being completed by the capacity of the coil aerial to ground. 

Effects of Surround rugs. Currents are induced in metal and 
other objects near a transmitting aerial, and sometimes are 
powerful enough to affect the radiation appreciably. The 
objects near a receiving aerial have currents produced in them 
by the passing wave. These currents in nearby objects, which 
may include the ground, induce e. m. f’s. in the receiving aerial. 
It is to be noted that this effect of neighboring objects is caused 
by induction, and not radiation from them, which would be 
comparatively feeble. 

The e. m. f. thus induced in a coil aerial from the surround¬ 
ings is of the same or opposite phase as that caused by the wave. 
It differs in this respect from the e. m. f. due to the antenna 
effect discussed above. The antenna effect ordinarily pro¬ 
duces an e. m. f. which is 90 deg. out of phase with the coil 
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effects and does not vary with the orientation of the coil. The 
antenna effect can thus never balance out the coil effect, and it 
is impossible to reduce the received current to zero no ma tter 
how the coil is turned. The e. m. f. induced by the surround¬ 
ings, however, depends upon the orientation of the coil. This 
e. m. f. will be reduced to zero by turning the coil at a different 
orientation from that at which the e. m. f. due to the wave is 
zero, unless the line between distorting object and the coil 
aerial is the direction of propagation of the wave. The result 
of this is that the total e. m. f. is reduced to zero at some 
orientation other than that obtained when the wave alone acts 
on the coil aerial. There is thus a distortion in the apparent 
direction of the wave, caused by objects surrounding the coil 
aerial. 

VII. PRACTICAL CONCLUSIONS 

1. Relative Effectiveness of Antennas and Coil Aerials 

a. Generally speaking, a coil aerial is as powerful a trans¬ 
mitting or receiving device as an antenna only when its dimen¬ 
sions approach those of the antenna. 

b. It is easy to make the resistance of a coil aerial circuit 
much smaller than the resistance of the ordinary antenna 
circuit and thus make a small coil as effective as a large antenna. 
A small aerial as effective as a large antenna can however also 
be secured by the use of the antenna-like aerial called the 
condenser aerial. Heeding these principles and using ampli¬ 
fiers in receiving, radio aerials can in the future be much smaller 
than heretofore. 

c. The relative effectiveness of a coil and antenna, in terms 
of the wave length, number of turns, etc., is given by formula 
(33) and the related formulas. 

d. A coil aerial exhibits antenna action as well as coil action, 
because of capacities between its parts and surroundings. The 
antenna action sometimes overbalances the coil action. 

e. The advantage of the coil aerial is greatest for short wave 
lengths. It is consequently likely to be well suited to airplane 
communication. The increasing advantage of the coil as a 
transmitting aerial, as the wave length is decreased, is subject 
to the proviso that the same current can be gotten into a coil 

... as into an antenna. In fact, the whole practical problem is to 
get as much current as possible into the aerial. 

f. The use of coil aerials at both receiving and transmitting 
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ends of the communication is particularly suitable for short 
waves, since the received current in such a system is inversely 
proportional to the cube of the wave length. 

2. Principal Formulas 

The units used are international electric units, the ordinary 
electric units based on the ohm, ampere, centimeter, and 
second; except where otherwise stated. The principal symbols 
are the following. 

Symbols 

i = instantaneous current. 

I o = maximum value of current. 

I = effective value of current. 

H t = instantaneous value of magnetic field intensity. 

Ho = maximum value of magnetic field intensity. 

H = effective value of magnetic field intensity. 
h = height of aerial. 

d = distance along earth's surface from sending aerial. 
oj = 2 7r times frequency of the current. 
t = time. 

X = wave length. 

c = velocity of electric waves = 3 X 10 10 cm. per second. 

I = horizontal length of coil aerial. 

N = number of turns of wire of coil aerial. 
a — length of side of square coil. 

6 = phase angle between values of field intensity a distance 

l apart in the wave. 

S = electric field intensity. 

E = electromotive force in receiving aerial. 

5' = logarithmic decrement of H or E. 

<p = magnetic flux. 

R = resistance of receiving aerial circuit. 

C = capacity of receiving aerial circuit. 

L = inductance of receiving aerial circuit. 
a = angle between direction of propagation of wave and 
plane of coil. 

Subscripts: s — sending, r = receiving, a = antenna, c 
= coil. 

The following are the principal formulas presented in this 
paper: 
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Radiated Magnetic Field Intensity from an Antenna or Con¬ 
denser Aerial . 


rr 

il 


2 7T h, Is 


10 \d 


Radiated Magnetic Field Intensity from a Coil. 


Jtl 


4 7r 2 h, l s N s I 

10 A 2 d 


Received Current in an Antenna or Condenser Aerial. 


Ir = 300 


h r H 
R 


Received Current in a Coil. 


I r = 600. t r 


hr Ir Nr H 


R A 


Distance Correction Factor. 

]p — € — 0-000047 d /^/T 

Decrement Correction Factor. 


F, 


1 

\ 


+ 


600. LS' 
R A 


Direction Correction Factor. 

F z = cos a. 

Antenna-to-.Antenna Transmission. 

r 188. h a h r L 


R\d 


Antenna-to-Coil Transmission. 


I, 


1184. h 3 hr l r Nr Is 


R\*d 


Coil-to-Antenna, Transmission. 


1 . . 


1184 . h 3 Is h r N, I s 
R d 


( 8 ) 

( 10 ) 



(23) 

(9) 

( 20 ) 


(24) 
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Coil-to-Coil Transmission . 


7450. ft, l s h r lrN s NrIs 
R A 3 d 



The lengths in the four preceding formulas may be in any 
units. Meters are commonly used. Any of these formulas 
may be expressed in terms of d. E . g., 

Distance at Which a Given Current is Received in a Coil for a 
Given Transmitting Current in an Antenna . 


1184 . h 8 hr It Nr Is 
R A 2 I r 



Total Magnetic Field from an Antenna , Including Radiation 
and Induction. 


2 7T h s I 8 j h s I s 

¥'TT + 10 ~¥~ 



Relative Effectiveness of Coil and Antenna, for Same Height 
and Wave Length. 

d c /d a = N V2 (1 — cos 2 7r Z/X) (32) 

Ditto, i smaZZ compared to X. 

d c /d a = 6.28 N l/\ (33) 

Length of Coil Aerial Equivalent to Antenna of the Same Height. 

I = 0.16 \/N (39) 

Current in Aerial Circuit. 

Ir = E/R (46) 

Voltage across Condenser in Aerial Circuit. 



E 

R co C 



Coil Aerial Reception Factors. 


E. m. f. reception factor 


a ' 2 N 

~T~ 



Current reception factor = 


a*N 
R X 



Voltage reception factor 


a 2 NL 
R X 2 
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Radiation Resistance. 

R a = (39.7 fe/X) 2 (57) 

R c = (13.3 a/A) 4 N 2 (61) 

3. Future Research Needed 

The subject of research on electric waves can be considered 
as barely begun. The study presented in this article has 
revealed vast and most interesting problems awaiting solution 
which can be solved. The functioning of aerials, both in 
transmitting and receiving, can now be considered as roughly 
understood. Recent advances in radio measurements and 
technique open the way to experiments and progress which 
will bring about far-reaching control of electric waves. A few 
of the detailed problems which border on the subject matter of 
this paper and await solution will now be mentioned. 

Theoretical Problems. 

a. 'Develop a simple and straightforward derivation of the 
radiated field from a coil, without consideration of shape of the 
coil or dealing with the electrostatic field at all. 

b. Work up an explanation of the mechanism of radiation 
that brings out clearly the relation of the radiation to the 
induction field and shows that all of the dielectric current is 
effective in causing radiation, which shall take the place of the 
usual explanation in terms of the snapping off of lines of force. 

c. Determine the effects of the phase angle between different 
parts of the dielectric field in an antenna or condenser aerial, 
especially the long, low types. 

d. Develop methods of measuring radiation resistance. 

e. Work out laws of variation of voltage reception factor of 
coil aerials, and laws of variation of both current and voltage 
reception factors of antenna and condenser aerials. Similarly, 
develop accurate and useful transmission factors. 

Experimental Problems. 

a. Determine the relative effectiveness over a very wide 
range of sizes, wave lengths, etc., of the various types of aerials. ' 
Do this by: (1) direct measurements to verify transmission 
formulas (2) measurements of the factors that enter into the 
reception factors, (3) measurements of radiation resistance. 

b. Make transmission experiments at very great distances 
over typical kinds of land, to obtain distance absorption factors. 

c. Try out condenser aerials, comparing performance with 
transmission formulas. Build such aerials with minimum 
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resistance. Demonstrate the non-radiating nature of the 
laboratory type of condenser, comparing it with condenser 
aerials. 

d. Compare trailing wire, condenser aerial, and coil aerial, 
on airplane. 

e. Find out how directive as transmitting devices coil and 
condenser aerials and “earth antennas” are; measure magni¬ 
tude and direction of field at various distances from the aerial, 
at numerous wave lengths, etc. 

f. Determine relative magnitudes of induction and radiation 
close to transmitting aerials. Determine also directions of 
fields, to secure complete knowledge of phenomena near 
radiating systems. 

g. Measure currents in ground as well as the fields above the 
ground, to determine how wave attaches itself to the ground. 

h. Study distributed capacities in coil aerial circuit by 
measuring current at different points in circuit. 

i. Determine values of antenna effect, and develop means of 
controlling or eliminating it by shielding systems, etc. 

j. Make quantitative investigation of receiving systems 
combining antenna and coil aerial. Measure phase of currents. 
Determine under what circumstances the indication of abso¬ 
lute direction is reversed when the tuning is slightly varied. 

k. Determine effects of surrounding objects on currents in 
transmitting and receiving aerials. Measure magnitude and 
phase of currents in typical cases. 

l. Develop methods of connecting generating apparatus to 
various types of aerials to get maximum current into the 
aerial, especially at short wave lengths. 

VIII. SUMMARY 

The advantages of the coil aerial as a direction finder, inter¬ 
ference preventer, reducer of strays, and submarine aerial 
make it important to know how effective the coil aerial is, in 
comparison with the ordinary antenna, as a transmitting and 
receiving device. This article gives the answer. Simple 
formulas are worked out from fundamental electromagnetic 
theory, by which the performance of any aerial can be calcu¬ 
lated. Experiments have verified the formulas, and show that 
they are a valuable aid in the choice and design of an aerial to 
fit any particular requirements. 

The principal formulas are of three kinds: theoretical for- 
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mulas, giving the magnetic field intensity at any distance from 
-either kind of aerial and the current produced by a given field 
intensity in either kind of aerial; comparison formulas, giving 
the ratio of performance of antenna and coil aerial under 
various conditions; and transmission formulas, giving the 
current in any receiving aerial in terms of the current in the 
distant transmitting aerial. 

The theory and nature of radiation are discussed, and applied 
to the elucidation of some current fallacies. There has been a 
vast haziness of ideas on these points. The distinction between 
induction fields and radiation fields is presented. It is shown 
that the receiving action in any kind of an aerial may be con¬ 
sidered as arising either from the electrostatic or the magnetic 
field present in the wave. Such questions are discussed as the 
distinction between “open” and “closed” circuits. It is 
shown that a metallically closed circuit can radiate, and that 
radiation takes place at all frequencies, the amount of radiation 
being greater the higher the frequency. 

‘ The ratio of the range of communication obtainable with a 
coil aerial to that with an antenna is proportional to the num¬ 
ber of turns and horizontal length of the coil and inversely as 
the wave length. The coil aerial is hence particularly suited 
to communication on short wave lengths. A coil aerial is 
quantitatively as powerful as an antenna only when its dimen¬ 
sions approach those of the antenna. However, it is easy to 
make the resistance of a coil aerial circuit much smaller than 
the resistance of the ordinary antenna circuit and thus make a 
small coil as effective as a large antenna. 

A small aerial as effective as the ordinary antenna may be 
secured without recourse to the coil principle by using an 
aerial consisting of a condenser having two large parallel 
plates, arranged so that the dielectric of the condenser includes 
no ground. The circuit of such an aerial may be made to have 
a very low resistance. It appears likely that, with the use of 
either condenser or coil aerials together with sensitive ampli¬ 
fiers, radio aerials will in the future be much smaller than 
heretofore. These principles apply with particular advantage 
to airplane aerials. 

A coil aerial usually functions by a combination of the pure 
coil action and antenna action. The latter arises from the 
stray capacities and capacities to ground which are inevitably 
present. The existence of these capacities may be shown by 
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differences in ammeter readings at different points of the cir¬ 
cuit. The antenna effect makes the actual received current in 
experiments with coil aerials larger than the values calculated 
from the transmission formulas. The observed values are also 
affected by currents in neighboring objects. 

A formula for the radiation resistance of coil aerials is 
worked out. Comparison of experiment with this formula 
supplies additional evidence that the coil aerial operates by a 
combination of antenna and coil effects. 

The fundamental principles of design of aerials are given. 
The various modes of measuring received current and voltage 
across the condenser are discussed. The relations of these 
two quantities to the electromotive force acting in the aerial 
must be carefully observed in calculations or design. Recep¬ 
tion factors are derived, to which the received current or voltage 
are proportional. Experimental data on the functioning of 
aerials may be secured either from actual transmission experi¬ 
ments or from measurements of the quantities which enter into 
the reception factor. 

This investigation has opened up a large and most interesting 
field for further research. Progress in the control and utiliza¬ 
tion of electric waves depends on the investigation of such 
theoretical and experimental problems as have been suggested 
in Sec. VII 3 herein. 
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Discussion-on “Principles of Radio Transmission and 
Reception with Antenna and Coil Aerials” 
(Dellinger), New York, N. Y., October 1, 1919. 

F. W. Grover: In the derivation of the formula for the 
field of an antenna, the current is assumed to be uniform 
throughout the length of the antenna, and the field of this 
vertical current at a point P is found by using the vector 
potential. In evaluating the latter, the assumption is made 
that the point P is so far away, compared with the height 
of the antenna, that P is sensibly at the same distance from 
all points of this vertical portion. 

Having obtained the equation (5) for the field due to this 
vertical current, it is then tacitly assumed that this is the 
whole field of the antenna. Since it is expressly emphasized 
in the latter portions (and rightly so, it will be admitted by 
every one) that the whole displacement current must be 
reckoned as contributing to the field, some explanation ought 
to be given as to why the displacement currents of the antenna 
are not taken into account in this demonstration. Thus far, 
I have not been able to give a satisfactory explanation, and 
am here setting forth the difficulties that have occurred to me, 
in the hope that I may be set right and that perhaps the objec¬ 
tions of others may be forestalled. 

First, it would seem necessary to make some assumption 
as to the form of the displacement lines. Here this is difficult, 
because it is assumed (1) that there is no image of the antenna, 
and (2) that the current in the vertical portion is uniform. 
These are of course, strictly speaking, incompatible condi¬ 
tions, since either the displacement currents must return from 
the flat top to the lower portion of the vertical wire which 
combats assumption (2) or else they must return by the earth 
which modifies statement (1). In any case, they must, on the 
whole, flow in the opposite direction to the current in the 
vertical portion. To some extent, then, it would seem as 
though the resultant effect of the antenna would have to be 
less than that of the vertical portion alone. 

Suppose, to fix ideas, that the displacement currents flow 
vertically. Then, if we consider a filament of displacement 
current C D, it may be regarded as completing the circuit of 
an equal, current in the vertical portion B A. Similarly, the 
symmetrically placed filament E F forms a portion of a circuit 
B AE F. If each current in B A produce a field H at a point 
P in the plane of rectangle, the effect of B A totals 2 H, which 
may be represented by the vector 0 F (Fig. 3). E F produces 
a field H which is d degrees different in phase from the vector 
opposite to 0 F. This may be represented by 0 G, just as 
in the demonstration for the coil. The currents A D and 
B E balance out in their effects at a distant point. In like 
manner, current C D gives a field H of phase 0 K. The field 
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±,^ Urrent . S AC zndD B balance out at point P 
resultant must accordingly be H' = 2 H- 2 tfcos 6 ^ 

H' ~ 2 H (1 - c°s d) =4 H sin 2 6 /2 

~ 4 i? d 2 /4 = H 6- when 0 is small 
= fl.4r* (7/X) 2 

which is much smaller than H. 

the circuit of an equal current in fU g a- as completing 

would seem then, th\t the St ot the wholefnt^Si d* 
symmetrical construction here shown ante ™a, of the 

that of the vertical nortion Tn w ’ T st be ® uch les s than 

a coil is a second ordei Sect thS calSS ^ radiation of 

z&f&SPS: ,s a third 

straight lines but curved EaTelemeS of iZZS ^ ^ 
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Fig. 3 

effect to the’sunTofT’verticaTand ho e 3 uiv , a l en , t in its magnetic 
Summing up for the JS wl ho ?? zo . ntal elem ent (Fig. 4). 
to balance out in thdr effects b i 0r f oatal elements tend 
vertical elements sum up to give tL e&nfVf ^ T Me the 

between the antenna and the srround \n t vertlcal cur , rent 
the antenna is symmetrical m any case, where 

above conclusion of a reJultanr fi im the \ ertlcal P OT tiop, the 

dU Lik° P tl?e v F tical Portion alone seemsto be Stilted^ that 
an mSa co'iSngrf 8 »“ d sU to fellow for 

Placement lines may® be "T . For the dis ' 

currents opposite in directioif to tvL &S e( l u ivalent to vertical 
two current filaments symmetrical XS? th + ^ 
wire may be combined with equal cuffentSn ^^ th f. v ® rtlcal 
and are equivalent to- eaua recta^^J • ?i_ n the vertlcal wire 

the previous demonstration. If the point P is^theff plant 
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the equation for the resultant field given above holds. Other¬ 
wise the factor cos a has to be applied to this, and the resultant 
would be very small in every case. 

Applying the same ideas, to an L antenna, it would seem that 
it should be equivalent to a coil of width somewhere between 
zero and the length of the antenna l. That is, such an antenna 
should be directive like a coil and its field should be a second 



Fig. 4 Fig. 5 


order effect like that of a coil, i. e. less than that due to the 
vertical portion. 

In the case of the low condenser aerial we are not met by 
these difficulties, since we may regard the circuit as being com¬ 
pleted through a coiled wire of negligible vertical portion and 
the coil is of such small dimensions that it may be negligible 
in its “coil effect.” The current in the dielectric only would 
then need to be considered. 
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Recapitulation. To agree, then with the formulas of this 
paper and with the experimental results, it would seem neces¬ 
sary to consider for coil effect only the current in the metallic 
portions. The condenser aerial may be treated by considering 
only the dielectric current. The antenna can be treated by 
considering either the current in the dielectric or the current 
in the vertical portion alone. Taken together they nearly 
cancel out. For unity, it would seem to be the dielectric cur- 
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rent which should be chosen as in the condenser aerial. Finally, 
then, what is the reason why the whole circuit should not be 
considered ? 

Discussion of the Distinction between Radiation and 

Induction 

. The magnetic field due to a vertical current i = /„ sin co t 
is, for a point P at a large distance d from the current, 


H, 


h (01 0 . . , hl 0 

= “ ToVT cos w “ d / c ) - ~wp sm w{t ~ d/c) (5) 

2 7T hlo , 7 h T n 

~ To" Td cos " & ~ ~ 10 ^ 2 sin « « - d/c) 

The negative signs simply take account of the fact that if the 
current is along the positive 7 axis, and the distance d is 
measured along the positive X axis, the magnetic field must 
be aiong the - 7 axis. The first of these terms is called the 
radiation field and the second the induction field. 

I he time d/c is the interval which must elapse for a dis¬ 
turbance at the origin to travel the distance d to the point P. 
l bat is, action at P at any moment t depends upon the value 
of the current at a moment d/c seconds previous. 

1S °o n i°i- th - e ex P ressions for two fields shows that 
iri Atoo l 1 +u S P, Phase with the current (excepting for its 

in^rfhflttpd/c) but that the radiation field is 90 degrees different 
nd?^™ ^ Presence of dd in the denominator the 

pjhtall® off rapidly with the distance. For small 

wfih thi d +n tl0n + u el< ^ himimshes not only less rapidly 

with the distance than the induction field, but for a given 

distance greater than ~ , it is greater in amplitude than the 
induction field. 

field “eduction field” is the usual 

induemf ffl mth , the current, which we consider as 

ouenciet i $7 l lrcm \ s -- Further, at low fre- 

|hu3 C1 Se (1 S„S £& p^SI'hT S5.SK- 

term which formula t^ nff stated, appropriate, and the first 

important at radio frequencies and°dbst n ^ w hich is . 

called the “radiation field ” tfl ^stances is very properly 

though one of tamay be Sfn&lfT!’ ^ 
point which msv entirely negligible. A further 

time djc required for thp P rirr 7 ,, ern T J h asiz ^,^ s that, since the 

be exactly zero it is n pvp A^ a ^ a ^i° n can neve r 

y zero, it is never rigorously correct to speak of the 
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magnetic field at a point as being strictly in phase with the 
current which produces it. 

It is not so easy, however, to agree entirely with the state¬ 
ment in the paper of the physical difference of the two fields. 
It would seem to be misleading to speak of the induction field 
as “fixed in space 7 ' (last line of p. 1365). The presence of the 
quantity d/c in the sine factor of the induction field shows that 
this field must travel with the velocity of light, as well as the ra¬ 
diation field. At each point, the field oscillates, but for two 

points separated by a distance X, the quantity differs by 

2 7r, so that the field is in the same phase at such points,— 
although the amplitude of oscillation is different. 

This propagation of the induction component of the field 
with the velocity of light is also evident from a consideration 


* 

Direction of 
Wave Propogation 
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of the induction of e. m. f. With regard to this the induction 
field has no monopoly. The induction of e. m. f. in a conductor 
by the radiated field is treated in equation (17), the usual 
idea of relative motion of conductor and field being employed, 
except that here the relative velocity is the velocity of light, 
a velocity far transcending any velocity attainable in electrical 
generators. The ordinary _ induction case, analogous to this, 
is the induction of e. m. f. in a coil through which the number 
of magnetic lines is suddenly changed by varying the current 
in the circuit or in an adjoining circuit. It is easy to show that 
the usual method of calculating the e. m. f. as equal to the time 
rate of change of the number of magnetic lines through the 
coil is entirely equivalent to that derived on the assumption 
of a relative motion between the coil and the field equal to the 
velocity of light. The following is a proof of this point. 

Consider a rectangular circuit of height b and length l in 
the direction of propagation of the wave. The induction field 


has a value 


hi o 
10 <P 


sin co (i — d/c ) at points along the nearer 


side of the circuit, so that the induced e. m. f. in this side 
is by (17) (relative motion conception) ~ sin co (f — d/c). 
The e. m. f. induced in the further side is likewise 
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hbcL 


sin co I t 


d -f- l 


10 (d + iy y c 

the coil is the difference, 
hb cl 0 


The resultant e. m. f. in 


E 


10 


l/d 2 sin co (t— d/c ) 


l 


(d + l ) 

If l is small compared with d, this gives 


sin co ( t 


d + l 


E - 


hb c I o 
10 d - 2 


2 cos co ( 2 — 


d -f~ 1/2 


sm 


co Z 
2c 


<— \ 

or, for l small compared with X . 

1 inas C thromfb *?>, SfJW* we find the number of 

£ iU: ^ ,« a fs3 


Ar _ hb 12 o 
iV - — - - -- sm co 


and 


E 


10 d* 


dN 


d + 1/ 2 
c 


dt 


h b l co 2 q 

~~Wd 2 


cos co ( t- ~'-OlA/2 


dimensions ar^small imcnrnn a ^ reeme nt, and for coils whose 
whose distance from the Sweeps Sail^hf length ’ 

in phase. _ g e ‘ m ' 1 90 de S- behind the field (current) 
have e fr e oS n fl7) he demonsted ion with the radiation field, we 

E __ h cob J 0 


10 c x 


. c 


cos co (i d/C ) — cos co i t- JL±1 


I 0 . W l 

- sm- 



10 x 


2 c 


sin co ( t 
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oi 2 hbll 0 


10 cx 

By the second method 

hoilo 


sin oi I t 


d + 1/2 


N 


10c x 


. b l . COS 03 I t 


d + 1/2 


E 


dN 

~dt 


J^oiHlE 
10 c x 


sin 031 t 


d + 1/2 
c 


In this case also the two methods lead to identical results. 

The conclusion, therefore, seems to be_ certain, that both 
fields are propagated with the velocity of light, and that both, 
when they cut a conductor, give rise to an induced e. m. f. 
which induces it. Since the two fields differ in phase by 90 deg. 
the e. m. fs., will also. On account of the relatively insig¬ 
nificant magnitude of the radiated field, however, at the usual 
a-c. frequencies, and the small distances involved in usual 
apparatus, the e. m. f. induced by the induction f eld only 
need be considered in electric generators and transformers. 

Another distinction, which is made in the paper, is that 
accompanying the radiation field, there is propagated an elec¬ 
trostatic field which bears a constant ratio to the magnetic, 
while with the induction field there is no such constant prede¬ 
termined relation. From what has already gone before, it 
would seem that this constant relation between H and E must 
also be true of the induction field. The induced e. m. f. in a 
wire of length k has been shown to be equal to cH h. 10 -8 
(equation 17) and I have shown above that this equation is 
true for both components of the magnetic field. Now, in the 
present case, the field is supposed to be uniform along the wire, 
so that the electrostatic field, which is equal to the e. m. f. per 
cm., must be c H . 10 -8 or 300 H, in which H includes both 
components. The statement is made 1366 that this rela¬ 
tion is true only in a radiated wave, but it must not be concluded 
herefrom that for H only the radiation field is to be taken. 
Both fields are radiated, and the induction field, however small 
it is, must, strictly speaking, be included in H in the above 
relation. 

As to what is the difference in physical nature between the 
radiation and induction fields, there remains the point men¬ 
tioned in the first paragraph of 1367, "The portion of the 
energy associated with this disturbance that does not return 
to the radiator is that connected with the first term of equation 
(31)” (i. e. the radiation field). This, of course, means that 
the energy associated with the induction field, although 
naturally it flows back and forth, must average zero. That 
is, the flow through any volume element in one direction over 
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half the cycle is equal to the flow in the opposite direction 
during the remainder of the cycle. 

Now this statement appears plausible, and from the usual 
a-c. idea of wattless current is what would be expected of the 
induction field. I have, however, been unable to prove it, 
and the demonstration given below would seem to lead to the 
idea that a portion of the energy associated with each field is 
returned, and a portion radiated, i. e. that there is no differ¬ 
ence in nature, respecting net energy flow, between the two 
components of the field. 

. In the case of a simple making of a steady current I, energy 
is flowing out to all points of space during the rise of the cur- 
ren t finally after an infinite time, there is a distribution 


TJ 2 ^ 

of energy through space of -g — per cu. cm. which, since H de¬ 
creases and becomes zero at infinite distance, is less in remote 
to^/2 S L "p Sreater near the drCUit ’ but finite in sum and equal 

current is broken, this energy all eventually 
returns to the source. If the current is made to rise and fall 
periodically, however, it is easy to comprehend that some of the 

thfflnwTf ° Ut would . n °t kav e a chance to come back before 

agam take . s P lace away from its source, so 

thfsouree f W °? d be P ermanea tly severed from 

case the hiVwfb^f 13 W ° Uld a - ppear more likel y to be the 

SeS^^^ en ^ is natural to suppose that 
j. ®P er Sy would be that propagated by the travelling of the 
radiation field rather than that connected with the movine 
induction field whose amplitude does not involve the wavf 
, lengtn. in what follows, the idea of the Povntinn vector i<? 
introduced to. investigate this matter. ~ g V6Ct0r 13 

of poJerZ^ha^vn^t^ that the instantaneous flow 
the inteo-r^i ^ portion of space is equal to 1/4 tt times 

the integral of the normal component of the vector nrnrW 

^o^n^^ space In question ^^ 611 ^ the 

energy along the X avia e 1 dXls a ^ ow 

ment of volume fv - of e , ne ngy through an ele- 

amount through one dv dz e ?w J? the excess of the 
face. Since ^ and Nat S th ^ th 5, ou g h the opposite 
is their simple product. ght angles ’ the vector product 

a point (x, y, z) the power entering the face dy dz 



is 


EH 


*-» JLJ. , 

4 tt That over the opposite face is 
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T-, . d E , 

E + — d re 
d x 


H + 


d H 
d x 


dx 


4 7T 


ds/dz, so that the net 


power, is, in the limit, -X~ ( H + E ~ ) dy dx dz. 

ax a x j 

Now we have shown that E = c H so that the power is 

chAA— + cH A^-\dV = H JLM- d V 


4tt \ dx d x J ^ ' 4 tt 

If we place H = H r + I?,-, the power is 


d x 




4 7T 


d a; 


d x 


Now 


JJ r = cos co (J- x/c) 


10 c x 


d H, 
d x 


+ - 


h co 2 J 0 
10 c 2 x 


sin co (if — x/c ) 


/t CO Jp 
10 c x 3 


cos CO (f — x/c) 


rr _ 

XJL i *“ 


h Jo 
10 x 2 


sin co (f— x/c) 


dJJ t - 

dx 


co 


h Jo ,, 

c 10 x 2 cos " ^ 


x/c) 


2 A Jo 
10 x 3 


sin co (t — x/c) 


d H 

The term H r —— may be regarded as due to the radiation 

(X X 

d H • 

field only, that due to the induction field is H { - and the 

dx 

remaining terms 



1412 


RADIO TRANSMISSION 


[October 1 


may be regarded as the power due to the interaction of the 
electrostatic field of one component magnetic field with the 
other component of the magnetic field. 


H, 


TT 

M i 


H 


dHr 
d x 

h 2 1</ . 

100 x 2 1 

d Hi 

h 2 1 o 2 

d x ~ 

100 x 4 

d H r 

h? Jo 2 . 

- C11 


O/c) 3 cos oo (t — x/c) sin oo (t— x/c) 


h 2 1 o 2 


100 x 


— (w/c) 2 COS 2 CO (t — x/c) 


(oo/c). sin oo it x/c ) cos oo (t- x/c ) 

2 h 2 I 0 2 . , , 

100 x r ° Sln w ^ ~ x / c ^ 


IT = ~loo^ sin “V- x /«) 


ff, 


dffi 
c? a; 


h 2 1 o 2 

100 a: 4 s * n (t — x/c) cos oo (t — x/c) 

h 2 Jo 2 


JqO^I OAO 2 cos 2 a> (*- x/c) 


2 h 2 1 2 

100 x 4 ^ W//c ) cos w (*~ x / c ) sin co (if — x/c) 

Now the terms in cos (t - x/c ) sin («- x/c) integrated over 
a whole cycle give zero, but the terms in cos 2 (t- x/c) and 
sm (t x/c) give a finite amount, since the integral of sin 2 
or cos .over a cycle gives 1/2. It would appear S that the 

tribufe? °rarr 1 r S We ? aS the radiation com Ponent con- 

tnbutes to the radiation of energy. At large distances and 

short wave lengths, however, the H t ARj term is the smallest 
of all. On the other hand the H r Mh term is equal to the 

TT do Hr . 

dir —t~ term. 
a x 

ence in the latureol’ t0 beao essential differ ' 

fields, except in the waythev varv ° f the mag ? etic 

distance from the source. 7 7 th th frequenc y and the 
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A. Press: In the paper by Dr. Dellinger mention is made of 
a method which has been referred back to some work of Prof. 
Lorentz. Strangely enough the same general method was 
gone over quite independently by myself but I must say that 
it seems to me that the real value of the method of vector 
potentials suggested is rather approximative. In the case 
of a horizontal antenna which was the case considered in my 
own investigations the difficulty arose in imagining the manner 
in which the interlinked flux lines or rather the interlinked 
flux sheets could disentangle themselves from the conductors 
(or coils). 

The true basis after all of estimating the value of H must 
be the Maxwellian equations of wave propagation. In my 
later work therefore, which by the way was gone into in my 
classes at the University of California about a year ago I gave 
the following derivation: 

A round wire is assumed to carry a current 

i — Jo sin p t 

It is required to determine the type of magnetic field that is 
set up as a function of the wave length of the system. The 
individual conductors of n two-wire parallel system will be 
investigated with the origin at the center of a conductor. The 
required equations of condition are (for polar coordinates) 

dB e = dE 

d t d y 


dD z 

d t 


1/7 H e + 


dH o 
d y 


The above two equations can be made to result in the following 



1/7 2 . 


d*H 


d 2 H 0 , , , dH 


T + 1/7 


1/7 2 .Hg 


dt 2 d 7 2 ' A/ ' d y 

Writing the simpler of the two equations in the form 


£ 2 - JD 

d y 2 ' ^ d y 


q 2 D 


With 


<r 


1 / 7 ' ■■ 


d‘- 


d t 2 


a solution is found to be 
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where a is the radius of the wire and p = 2 % f, 
which leads to the corresponding solution for H which is 


He = 


I 




2 7T 7 


0 


2 7T a 


J i 


2 7r a 


) 


sin pt 


+W 1 therefore that there is no out of phase term but 
/T y Wave , 1S set U P- T he above solution 

intprlintA^ An ^ off an 7 physical difficulties of picturing 
interlmhed flux lines disentangling themselves from the sys- 

r adiar 7 ene /gy- In reality galvanic effects 

Sdiltinu intS haTC r een f ? nc ! not t0 P roduce a ny actual 
Jrftj“3? c ? se of a vertical antenna. The whole prob- 

write/ 3 r0U1 l ded antenna has been treated by the 

from th e^sta r, £ a n !° n f fact ° rS are gone into in det ail but 
irom the standpoint of wave propagation wholly. 
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THE VACUUM TUBE AS A GENERATOR OF 
ALTERNATING-CURRENT POWER 


BY JOHN H. MORECROFT AND H. TRAP FRIIS 


Abstract of Paper 

The first part of this article deals with the operation of the 
tube when separately excited, the variation of power with the 
amount of excitation, the load impedance, etc., and also gives an 
analysis of the forms and phases of voltages and currents in the 
different parts of the circuit. 

The second part deals with the efficiency of the tube as a gen¬ 
erator; the action is analyzed in detail and the conditions for 
maximum efficiency deduced, the theoretically deduced con¬ 
clusions being substantiated by experimental data. Oscillo¬ 
grams are given to show the action of the tube under practically 
all the conditions which are likely to occur. 


^HE three-element vacuum tube utilizes the controlling 
effect of the grid potential on the plate current, that is, 
the electron flow from the hot filament to the cold (compara¬ 
tively) plate. It may be used as a detector of high-fre¬ 
quency waves as used in radio communication, or as an am¬ 
plifier of electrical signals of any frequency or as a generator 
of alternating-current power of practically any frequency de¬ 
sired, from perhaps one cycle per second to a hundred million 
cycles per second. This paper deals with its use as a generator; 
it seems that such a paper is well worth while because of the 
undoubtedly wide use which will be made of the tube as a 
convenient source of high-frequency power, especially for 
laboratory purposes, and radio telegraphy and telephony. 

A three-electrode tube, such as the Type P pliotron, will 
give about 500 watts of high-frequency power at any frequency 
desired. In addition to the tube itself there is required a 
small continuous current generator of about 2500 volts and 
a set of suitable coils and condensers. Its only competitor as 
a piece of necessary laboratory apparatus is the high-frequency 
alternator; this is however no true competitor, its compara¬ 
tively high cost, difficulty of speed control, limitation of fre- 
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quency, decrease of output at frequencies differing widely from 
that for which it was built, attention required to maintain it 
against mechanical failure, make the vacuum tube superior 
unless several kilowatts of power are required; in this case the 
Poulsen arc must also be considered. Even then the flexibility 
of the tube circuit gives it a marked advantage over the 
machine. For the very high frequencies the tube is the only 
practical source of power. 

Power output oj the tube and its variation under different 
conditions . The relation between plate current, grid potential, 
and plate potential, is given by the equation 


I p — A ( E p + p Q E g ) x (1) 

in which E p = plate potential, referred to filament, 

E g = grid potential, 

' I P — plate current, 

A = a constant, depending on the size and spacing 
of the parts of the tube. 


The factor, p 0 , is called the theoretical voltage amplification 
factor of the tube; it really indicates the relative effectiveness 
of the grid and plate potentials in controlling the plate current. 
The exponent, x, has been given as 1.5 and 2 by various writers; 
it is however a variable, not a constant. Its value is nearly 
2 for most tubes throughout a*large variation in E p and E g , 
but for extreme values of either, x departs widely from this 
value. Equation (1) is based on the assumption that the plate 
current is not large enough to draw from the filament all of 
the electrons emitted from its hot surface, that is, I p is less 
than the saturation current of the tube. 

The study of the output, phase relations, etc., was carried 
out with a type P-10 pliotron, rated at 1000—2000 volts on 

P , a !; e ’ fi „ la ™ ent current of 3 -65 amperes, and a safe loss on 
he plate of 250 watts. The connections were as shown in 

^eahty the , gnd 1S Placed between the plate and 
lament but m this diagram, as in the succeeding. ones, we 

in Th n tr 6 - the opposite side of the filament to gain clarity 

E fi,rnS CUlt u dla FiT S ' The cont inuous-current generator 
coSi 7 t t° Ut 1000 V ° ltS t0 the plate trough a choke 

sof iwT- T aintahl thc * rid at “ 

the excitino- nnt ^ and the alternator E„ furnishes 

ae exciting potential to the grid. The condenser C, must 

nave a comparatively low reactance If a resistanceTaTfs 
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being studied; in series with this is the load resistance R, 
w bich absorbs the alternating-current power generated. 

The alternating-current resistance of the plate circuit of the 
tube R P is the factor which determines how large L x and C\ 
n^uist be; the value of R p varies somewhat with the magnitude 
of "the exciting voltage E g . For large values of E, it is equal 
divided by I b , if the resistance of L x is low; if this resist¬ 
ance is appreciable the voltage E p must be used instead of 
& b. For small values of the exciting voltage E„ the value of 
is lower than this, perhaps one half or one third. The 
values of L x and C x must be so chosen that for the frequency 
use< 3 the reactance of Li is large compared to R p and that of 
is small compared to R v . The suitable values of L x and C, 
are really determined by the value of the load resistance, R, 
t>ut as this must be of about the same value as R p if much 
power is to be delivered, R„ does indirectly fix their values. 



"When the grid potential fluctuates the plate current must 
vary in magnitude according to the relation given in equation 
(1) ;this fluctuating current is equivalent to a continuous current 
with an alternating current superimposed; the alternating 
component will practically all flow through the R-C x circuit 
because of the high reactance of the coil L u 

The first effect studied was the variation of output as the 
value of the load resistance R, was varied, the excitation being 
comparatively low; the results are shown in Fig. 2. The 
curve sheet shows the variation of the various quantities as 
the value of R was changed; it is seen that a maximum output 
occurred with R equal to 1000 ohms. For the conditions of 
this test the value of R p was 1100 ohms, although the quotient 
of &v and I b gives very nearly 3000 ohms. 
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In Fig. 3 is shown the behavior of the circuit as the exciting 
voltage, E g was varied; the connections were the same as those 
of Fig. 1. The alternating-current output increases with the 
square of the exciting voltage up to a certain value of E 0 and 
then increases more slowly. For the lower values of E e (less 
than 120 volts) the fluctuating plate current has an approxi¬ 
mately sinusoidal form but for the higher values the plate 
current becomes a series of pulses. 

The decrease in I b in Fig. 2 and increase in Fig. 3 are 
both due to the fact that the relation between grid and 
plate potentials and plate current is not linear; if sufficient 
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resistance is put in the load circuit, / b remains nearly constant 
as the value of E g is changed. 

In Fig. 3 is shown the grid current, as read on a continuous 
current ammeter; this reached a readable value when the 
effective value of E a reached 95 volts. The maximum value 

0 1S - 1 ? 4 l olts and as E ° was 120 volts it is evident that the 
grid had to be positive as much as 14 volts before it took an 
appreciable current. The value of E s at which I g becomes 

readable depends to some extent on the value of the load 
resistance JR,. 

Safe load of a vacuum tube. The two factors limiting the 
output of a vacuum tube are the safe filament current and the 
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amount of power which can safely be dissipated from the 
plate (generally double). The heating of the plate is due to 
heat radiated from the filament and to the bombardment 
by the electrons leaving the filament, being accelerated by 
the high positive potential of the plate, and then being 
suddenly stopped when impinging on the plate. With a 
properly evacuated tube the amount of power which can be 
thus expended on the plate is sufficient to bring it to a dull 
red heat, this color being judged when the filament is incan¬ 
descent;-if the filament current is quickly reduced to zero the 
plate has quite a bright cherry red color. 

When the tube is not generating any alternating-current 



power all of the input E b I b is used in heating the plate but 
when alternating current is flowing in the load circuit some of 
the power supplied to the tube circuit is used up in R and the 
amount of power used on the plate is equal to E b I b minus 
whatever power is used in the R-C 1 circuit. If the values of E c 
and E e are properly adjusted the amount of power used in R 
may be equal to or even greater than that used on the plate so 
the safe value oiE b I b may be as much as three times the safe 
plate rating without endangering the tube; if however the tube 
stops oscillating for any reason the input must be at once 
reduced or the tube will probably be spoiled. 

An approximate idea of the behavior of the tube circuit as 


.GRID CURRENT, MILLIAMPERES 
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the exciting voltage is increased is given in Fig. 4: assuming a 
constant input, the output and losses follow the variation shown. 
The efficiency may reach quite high values when suitable 
adjustments are made. In the small sets used by the Signal 
Corps the tubes were adjusted for an efficiency of about 30 per 
cent but it has been found possible to so adjust one of these 

tubes m the laboratory as to get a fair output with an efficiency 
better than 70 per cent. 

Phases and Forms of Currents and Voltages in a Tube Circuit. 
It the impedance of the power supply circuit (Fig. 1) is very high 
compared to that of the load circuit the current h is constant, 
and the equations of the alternating current circuit may be 
worked out as though the power supply circuit did not exist. 
When a voltage E mg sin co t is impressed on the grid the 



changes produced in the plate current are the same as though 
alvoltagej ji fErng sin « t had been introduced into the plate 
circuit. _ The changes produced in the plate current circuit by the 
gnd excitation may be calculated on the assumption that the 
voltage go E mg sin ccj was operating in the plate circuit. Thus 
a voltage F g £on the grid is replaced in our calculations by a 
suppositious voltage,'g 0 E g in the plate circuit; the current 
produced by this voltage can be at once calculated from the 
impedance of the circuit in which the alternating-current must 
flow, namely R p , R, and C x in series. 

The vibrators of an oscillograph were introduced in the cir¬ 
cuit as shown by Fig. 5 and the polarities so adjusted that 
currents in the directions indicated by the arrows are positive; 
when a current is shown_on*its film below the zero line the 
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direction of the current was in the opposite direction to that 
shown by the arrow. The oscillograph used had only three 
vibrators, it was sometimes necessary to take several exposures 
to get all the quantities wanted. This was done by always run¬ 
ning the film at the same speed and making one curve (generally 
i p ) common to all films; it was then possible to so place the 

films together for reproduction that all quantities were in their 
correct relative phases. 

In the first circuit tested the total resistance in the alter¬ 
nating-current circuit (R p plus R) was about 4000 ohms and 
the reactance of the condenser Ci was 62 ohms; we should 
expect therefore that the current I P and voltage E„ would be in 
phase and moreover if the grid excitation is kept low the 
alternating component of the plate current, I p , should be of the 
same form as the grid voltage. Then as the voltage e p is 



determined by the constant voltage*#i, and thejlrop in R, this 
voltage must also have a sine wave fluctuation in such phase 
that when the plate current is a maximum the plate voltage is 
a minimum. Fig. 6 shows the form of plate voltage, plate 
current, and grid voltage, for the conditions noted below the 
film. It will be seen that both e p and i p are sinusoidal in form 
and that e v is 180 degrees out of phase with e g . The grid 
current was zero for the conditions given; it may be seen from 

the film that E g was not sufficiently large to force the grid to a 
positive potential. 

In Fig. 7 are shown-the various quantities for a much greater 
excitation than was used for Fig. 6. The plate current rises to 
a value.of 0.66 amperes and decreases to zero; the current 
flowing in the alternating-current circuit must therefore have a 
maximum value of 0.33 amperes giving axil R drop in R equal 
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330 volts. The fluctuation in e v as measured in the film is 340 
volts. The grid takes current all the time the grid is at positive 
potential, but it is very small, due to the fact that the plate 
potential never falls to lower than 660 volts. 

If a greater variation in the plate voltage is desired it can be 
brought about only by increasing the value of R; if this had 
been 3000 ohms instead of 1000, the plate potential would have 
fluctuated throughout a much wider range. As the normal maxi¬ 
mum output (assuming sinusoidal variations of voltage and cur¬ 
rent, is obtained from a tube when both i p and e v vary from 
zero to twice their normal values it is evident that R should have 
been increased to 3000 ohms to get maximum output. But by 
referring to Fig. 2 it would seem that 1000 ohms was the proper 
value of R for maximum output. This discrepancy arises 
from the fact that the results for Fig. 2 were obtained with low 
grid excitation while the curves in Fig. 7 were obtained with an 
excitation three times as large. As previously stated, R P 
varies with the excitation, and the maximum output is obtained 
when the load resistance and tube resistance are the same. 

The amount of fluctuation in I b is small; the value of the 
alternating component is fixed by the requirement that the 
reactance drop in L u due to it, must be equal to the alternating 
component of the fluctuating plate voltage. If the fluctuation 
in e p were sinusoidal the fluctuation in I b would also be of that 
form. 

With lower values of load resistance the distortion in plate 
current occurs even with low excitation; this is shown in Fig. 8 
for which R had a value of only 100 ohms. Although there was 
the same alternating current produced in the output circuit as 
for the case given in Fig. 7 the fluctuation in plate voltage is 
very small, due to the very low impedance of the load circuit. 

The alternating current of the tube circuit may be analyzed 
by the laws of the ordinary circuit, in case we are interested 
only in the sine wave components of the quantities studied. 
The vector diagrams of the three possible kinds of load circuits 
are shown in Fig. 9; in these diagrams cos cf> gives the power 
factor of the load circuit itself and cos 6 gives the power factor 
of the whole alternating-current circuit, including the resistance 
of the tube as well as the load circuit resistance. 

In Fig. 10 are shown the curves of e p , e g , and i P for circuits 
corresponding to those assumed in Fig. 9; the three circuits as 
actually used had the same excitation and nearly the same 
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magnitude of impedance in the load circuit, the first being 
resistive, the second, capacitive and the third, inductive. 



Fia. 9 Fig. 13 


* 

With resistive load the plate current (alternating component) 
is in phase with the voltage E g , with the capacitive load it 
leads and with the inductive load it lags; the angles <j> and 0 
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measured from the film, and the calculated values, agree 
within the precision of measurement. 

There is considerable distortion in all three circuits which 
could have been nearly eliminated by increasing the impedance 
of the load circuit to about three times the value used. This 
would however, have required a corresponding increase in the 
inductance of Li and a suitable coil was not at hand. 

The effect of varying the resistance of the output circuit is 
well shown in Fig. 11; in one case the resistance was 1000 ohms 
. and in the other it was 2000 ohms. It will be seen at once that 
the distortions produced by the tube can be reduced by suffi¬ 
ciently increasing the impedance of the output circuit. In 
the case given in Fig. 11 the reactance of the power supply 
circuit was not increased when the resistance of the output 
circuit was increased with the result that a much larger fraction 
of the generated alternating current passed through the supply 
circuit in the second case than in the first. The greater the 
amount of alternating-current power used in the power supply 
circuit, of course, the less efficient is the circuit. 


Efficiency of a Tube 

Fiom the oscillograms given thus far it would appear that 
the efficiency of a tube generator could not be very high. On 
the assumption that the plate current and plate voltage both 
have sinusoidal variations the maximum possible output of 
the tube would be just half the input; such a high fraction 
could not be obtained however because the conditions required 
could not be satisfied. The plate voltage would have to fluc- 
ua e etween 2 Et, and zero and the plate current between 
Z y and ,_f ro; this latter condition could be satisfied but the 
st could not be. The plate voltage must not fall below a 
certain.minimum if high efficiency is to be obtained because of 
the excessive grid current resulting. With the tube we used 
this minimum was about two hundred volts. 

mi S e K P ° SSlble affici f ney of 50 P er cent mentioned above, it 

Sauted SShTr n0t C ° nSider the amount of P™er 

excitino- circuit ^Tf arnent nor the Possible losses in the 
efficiency won d i K hi 86 , losses are consid ered the possible 
We shah nn/if 6 6SS ’ especiaby in the smaller tubes. 

pll cuLnttif° W h °m Ver ^ by U8in « P eculiar sha P*d 

n lr 7~n 4 18 possible to have an efficiency considerably 
in excess of 50 per cent* i-n . ,, / , f ^ ^ 

ou pel cent, m tact the result of .this study is that 
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the efficiency of a tube may be pushed possibly as high as 90 

per cent by proper design and proper operation, this value 
neglecting the filament power input. 

The importance of^ getting a high efficiency will be at once 

1 * _L1 * J 1 \ T ^ a given tube (the one 

used m this test) has an output of about 200 watts in normal 

operation whereas if the efficiency could be increased to 90 per 
cent the safe output would be 2250 watts. 

The tests carried out involved an adjustment with separate 
excitation to find the conditions for maximum output and 
then transferring the grid connection to a proper point of the 
circuit to get self excitation, recording for each condition the 
forms and phases of currents and e. m. fs. The tests were ran 
at low frequency so that oscillograph records might be obtained; 

the results obtained were duplicated later in a high-frequency 
run. 

Fig. 12 shows the circuit used; simpler ones may be used 
but the laboratory apparatus at hand was best suited to this 
one. The diagram also shows where the oscillograph vibrators 
were introduced and the direction of currents assumed as 



Fig. 12 


positive; if, on a film, a current is shown below its zero line, it 
was flowing in the opposite direction to that shown in the 
diagram. If the frequency of the exciting voltage E g is chosen 
the same as the resonant frequency of the load circuit 




1 



CiC 2 \ 
Ci ) 




the impedance of this circuit between the two points M and N, 
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where the tube is attached, will be resistive only, its magnitude 

1 

being equal to — , - g - ohms. 

The quantities to be considered are shown conventionally in 
their phases in Fig. 13; the current ii which flows in the reso¬ 
nant load circuit may be several times as large as the current i, 



E b PLATE VOLTAGE 
Fig. 14 


urmshed by the tube. The two important things in this 
lagram are shown in the lower part of the figure, namely, the 
curves of e p t P and of e p i. These curves give the power loss on 

*t! P ° Wer supplied b y the tube to the load circuit, 
respectively. It is at once evident that 

Energy loss on plate per cycle = j" 2 J e p i p dt = Area A 
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Energy supplied to load circuit = f 2x e p i dt = Area C 

It is evidently desirable to make the latter as large as possible 
and the former as small as possible, if the tube circuit is to 
operate efficiently. Any ordinary scheme of analysis, using the 
relation given in equation (1) must fail because ther elation does 
not hold good for those values of e* and e a which are the most 
important ones in the cycle of operation, namely low with 
positive e„, and very high values of e p with large negative e B . 



Fig. 15 


The ordinary so called static characteristics of the tube used 
are given in Fig. 14; they are not of much service in predicting 
the behavior of the tube when the output is forced as high as 
possible. They did bring out the fact however that the fila¬ 
ment ammeter, if a continuous current instrument, does not 
read correctly the filament current when the tube is generating 
alternating-current power. The ammeter indicated 3.65 
amperes when getting the curves of Fig. 14 and the total emis¬ 
sion for such a current is evidently about 0.5 amperes. Now 
when the tube was oscillating, the filament ammeter reading 
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3.65 amperes the total emission was about 0.8 amperes, 
showing that the filament temperature was much hotter than 
when not oscillating. Holding the voltage across the filament 
constant (approximately the condition when the tube is oscil¬ 
lating) the set of curves given in Fig. 15 were obtained. The 
grid was held at a positive potential of 100 volts and the plate 
voltage suitably varied. The electron current to the plate 
increases the filament current at one end and decreases it at 
the other; the relative increase and decrease will be determined 
largely by the resistance used in series with the filament 
battery. It can be seen that even with the larger filament 



VOLTS 

E b PLATE VOLTAGE' 

Fig. 17 

current as great as 3.75 amperes the emission was only 0.5 
ampere. 

From some preliminary oscillograph records we knew that in 
operation the total emission was about 0.8 ampere when the 
filament ammeter read 3.65 amperes. A brief test showed 
that the filament current required to give this much emission 
was 4.00 amperes but this seemed like an excessive current so 
we got the characteristics required from extrapolation. In 
Fig. 16 are shown a set of curves showing the variation of plate 
and grid currents for various filament currents and grid and 
plate potentials. From this set of curves the results given in 
Fig. 17 was obtained; as these are important curves thejr were 
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verified for correctness of form by actually getting them for a 
lower filament current. These are given in Fig. 18, and are of 
just the same form as those of Fig. 17. 

It is well to point out here that even if we had been able to 
get the curves of Fig. 17 with a filament current of 4.00 amperes 
they would not have given the proper values of i v and i g for 
the tube in operation. While getting these static characteris¬ 
tics the plate and grid get very hot, much hotter than when the 
tube is in operation as a generator. The emission from the 
filament is fixed by the filament temperature, and this in turn 
is fixed by the filament current and the temperature of the 
plate; if this is hotter when getting the static characteristics 
than when the tube is generating, the value of i p and i g obtained 
would probably be too large. 



Fig. 18 


The curves of Fig. 17, in connection with Fig. 13 enable us 
at once to give the minimum potential to which the plate should 
drop and the maximum positive potential for the grid. In 
or er to make the area A Fig. 13 small the plate potential, at 
ime x/ , s ould be as low as possible. This minimum will be 

C ° nt ™ 11 1 ed 1 h °' vever by the other requirement that the area C 
should be large. If during the time when e p is low i p does not 

have its maximum possible value (saturation current) then the 
positive alteration of % will not be as large as it should be and if 

nn'nXTn P ° Wer input to the load circuit, determined 

a j j e area of C, will be lower than its proper value. 

As the average value of * must be zero, if its positive loop is 

to be as large as possible and the ^ f A ko 1 +. n 

„ J:. f ne area ot A to be ke Pt as small 

as possible the conditions should evidently be so adjusted that 
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at minimum plate potential saturation current should flow, and 
this flow should last for a short time only. During the rest of 
the cycle the plate current should be zero. 

Fig. 19 shows the calculated losses on the plate and input to 
the load circuit for four different forms of plate current, the 
plate voltage having the same form for each. It will be seen 
that both the losses and the output of the tube are greatest for 
the sinusoidal plate current, but the efficiency for t his condition 
is only 39 per cent; as the form of plate current approaches a 
short pulse the efficiency increases, being 82 per cent for the 



/ epipdt = 72 
/ epipdt - 47 
Efficiency = 39 % 


J ep i/p dt = 35 
J epipdt - 31 
Efficiency = 47% 


/ ep ip dt = ]3 5 
/ epipdt = :28 
Efficiency = 49% 


Fig. 19 


/ ep Ip dt m 7 ] 

/ ep ip dt = 23 )J } 
Efficiency = 77 %] 


form shown in curve (d). The trapezoidal form shown at (c) 
resembles very closely the form we used; the test actually gave 
about 60 per cent efficiency. 

All four curves are drawn with the maximum plate current 
the same, supposedly the saturation current for the filament 
current used; by carrying out other constructions it will be 
evident that any other condition would result in poorer opera¬ 
tion. . 

By referring to Figs. 13 and 17 it may be seen that for the 
tube we have, the plate potential should not fall lower than 200 
volts, that at this time the grid should have a positive potential 
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of 150 volts. With greater or less grid potential the plate 

potential being 200 volts, the plate current would beless San 
saturation value: with le<?=s nW c , ,, ess man 

time tt/2) W(1 „M Z \ S P te potentlaI the current (at 
time t/Z) would be less than saturation value and with 

greater voltage than 200 volts the loss on the plate woulOe 
greater than necessary. F wouia oe 

caiV«ivenin 1 Ke d MV e * oieac5 ' “’crease tor all the 
eases given m Fig. 19 it the value of the power supply, E„ is 



/ q &p ip dt 
/ Gp % dt 

Efficiency 


15 

34.5 

70% 


/ e p ipdt 

fe p idt 
Efficiency 


Fig. 20 


19 

71.5 

79% 


wTthe’ g - that conditions are suitably changed to 
rn, - • , am ® uuuuuum plate voltage as given in Fig 19 

2 °i tke tW0 ‘“■ tfXafe 

hut in the andsame mmimum value of plate voltage 

the If * ?3 6 V ° ltage E ' is about ^ce as large as in 

the tot case. It is seen that the loss on the plate is increased 

only 25. per cent whereas the input to the load circuit has been 

more than doubled. The higher the value of E t the highert 
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the efficiency, the limit being fixed by the safe voltage for the 
tube. 

In the tube we used the efficiency did not rise as high as 
might be expected, due to fact that it took excessively high 
negative potential on the grid to bring the plate current to 
zero. The oscillograms showed this effect, so a static character¬ 
istic curve was taken to investigate this point; it is shown in 
Fig. 21. If equation (1) were valid for this tube a negative po¬ 
tential of 260 volts on the grid would have brought the plate 
current to zero, whereas it took about 1000 volts; although 
the plate current is small with a grid negative more than 300 
volts, this small current has a marked effect on the loss of power 
on the plate, because of the very high plate voltage during that 
part of the cycle when this small current is flowing to the plate. 



Fig. 21 

Experimental proof of foregoing theory. To test the validity 
of the ideas presented above a series of runs was made with 
the tube, using the circuit given in Fig. 12 and the results 
therefrom are shown in Table I. The frequency was kept at 
the resonant value for the output circuit and each time a set 
of readings was taken the value of R was changed properly to 
maintain the current in the oscillating circuit constant. This 
was necessary in order to keep the form of the voltage, e p , con¬ 
stant as the values of E c and E 0 were varied. While it was 
not thus pointed out in discussing the current forms of Figs. 19 
and 20 the values of E c and E 0 are the factors which bring 
about the change of current form as the form of e P is maintained 
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constant. The form of current shown in (a) Fig. 19 was ob¬ 
tained with relatively low E e and E g , the value of each of these 
being increased for the succeeding diagrams of the figure. 


TABLE I. 



In Fig. 22 are shown the effieiencv +i,„ 

runs of Table I and on the cui-vp « w f " the vanous 

values of the ma-sriTm 1T r) rm^tiNro • j glven calculated 

maximum positive grid potential for that condi- 
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tion in each run which gave maximum efficiency, as indicated 
at a, b, c, d, etc., For the comparatively low value of current 
in the oscillating circuit which obtained during these tests 
the form of plate voltage is somewhat different from a sine 
wave, and the variation of best grid potential may have been due 



100 200 300 400 500 


VOLTS 

E c 

Fig. 22 


to this cause. It is also possible that the change in efficiency 
was caused by the change in minimum plate current for the 
different excitations. The increase in efficiency with increase 
of E a and E c is as would be expected from the analysis 
given for Fig. 19. 

A series of runs was then carried out (results given in Table II) 


TABLE II. 


fib ** 1000 volts. Ci = 2 pF. C 2 = 3.91 fiF. ~ — 138. Li = 9.8 H. If — 3.65 Amp. 



e i> 

Ec 

Eg 

Input 

1 2 

R 

Output 

Output 


min 

volts 

effective 

watts 

effective 

CO 

II 

1-3 

Input 


volts 


volts 


amps. 


watts 

watts 

A 

30 

270 

300 

134 

1.12 

37 

46.5 

34.7 


100 

270 

300 

179 

1.10 

S5 

103 

57.5 


160 

270 

300 

204 

1.02 

117 

122 

59.8 


250 

270 

300 

217 

0.91’ 

149 

123 

56.8 

B 

490 

270 

300 

255 

0.60 

297 

107 

42.0 


to study the effect of varying the value of the minimum plate 
voltage, other conditions remaining the same; this was ac¬ 
complished by varying R, thus cutting down the value of the 
oscillating current and hence the variation of voltage across 
the condenser C 1 , Fig. 12. The variation of potential across 
this condenser, it will be noticed, is what controls the fluct¬ 
uation of plate voltage. 
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The value of minimum plate voltage can be calculated by 
subtracting from E & the I & resistance drop through Li (which 
was very small for most of our tests) and from this subtracting, 
the maximum value of the alternating potential drop across 
Ci. These calculations were made and the results are shown 
in the curve of Fig. 23; the results ‘ verify, better than might 
be expected, the conclusions reached from theory. With the 
exception of the first value of e p (min.) the calculated values 
agreed with the values measured from the films; the value 
of 3.0 was obtained by measurement of the films the cal¬ 
culated value not agreeing very well in this case. Too much 
reliance cannot be placed on the results of this test however 
as the exact form of the e v curve might affect the results con¬ 
siderably; as the value of R was varied the relative magni¬ 
tudes of i and (Fig. 12) changed and this would affect 
the form of e p . 

For various of the runs given in Table I oscillograms were 
taken of some or all of the quantities involved. For the con¬ 
ditions of run A the curves of e p , e g , and i p are given in Fig. 24.' 
From this film,, as from the succeeding ones, the first thing to 
be noticed is that the grid voltage and plate voltage are just 
180 degrees out of phase, showing that the load circuit was 
resistive only. The maximum positive potential of the grid 
measures on the film 296 volts and the corresponding value 
of plate potential measures 
220 volts. By reference to 3( _ 60 
the curves of Fig. 17 it may || 
be seen that for these re- 
spective voltages a large part ^ 40 
of the electron current is 
drawn to the grid, resulting 
in the peculiar double 
humped curve of plate cur¬ 
rent. The maximum negative 

grid potential was 650 volts, but even this was not sufficient to 
make the plate current zero. Its values follow, exactly as can 
be measured, the values given by the curve of Fig. 21. The 
slight deformation occurring on the positive alternation of E t 
is due to the pulse of current taken by the grid at this part of 
the cycle; the wave form of the alternator used for E g was 
nearly a pure sine wave, as may be seen from some of the other 
films to be given, in which the grid took no current. 
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Fig. 23 
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For run B a set of oscillograms was taken to show all of the 
quantities involved in the operation of the tube; it required 
five oscillograph records to get all the quantities wanted. 
These five films were combined to make the record shown in 
Fig. 25; in fitting the various films together care was taken to 
see that they had their proper respective phases. The white 
line drawn vertically through all the records gives a line of 
equi-phase. 

This set of curves gives the complete story of the circuit 
and tube. The plate current is very nearly the form shown in 
Fig. 20, and the plate potential is nearly of the form shown in 
condition (a) of the same figure. The slight depression in the 
peak value of i p is due to the grid taking some current, this 
depression coinciding in time with the peak of grid current. 
The form of the positive alternation of the i curve is not like 
those previously given, due to the fact that it has been as¬ 
sumed that I v was constant whereas it actually had considerable 
fluctuation, as shown in the record. If the coil used for L x 
had more inductance this variation in I h would be diminished; 
we had only 10 henries with a resistance of 189 ohms, the coil 
being air core. In practise an iron core coil of greater in¬ 
ductance would be used but we did not want to introduce any 
other sources of distortion than the tube itself. 

The form of current in condenser C\ differs from that in con¬ 
denser Co because of the effect of i x , which will practically all 
flow through C x for the circuit as arranged. 

The grid current has just the form and magnitude predictable 
from Fig. 17; the amount of current taken by the grid in this 
test and the values of E g and E c used caused a loss of power 
on the grid (due to bombardment) of about 10 watts. 

The two filament currents if and i/ have forms which might 
be predicted from curves similar to those given in Fig. 15; in 
that end of the filament carrying the large current the con¬ 
tinuous current ammeter measuring the current indicated only 
3.65 amperes whereas the current actually went as high as 
3.99 amperes when the plate was taking its maximum current. 
The exact amount of emission from the filament when the 
tube is acting as a generator cannot be predicted -from the 
static characteristic; the temperature distribution in the fila¬ 
ment which exists in the oscillating condition cannot be dupli¬ 
cated in a static test and it is this temperature distribution 
which determines the emission, 
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The drop across the condenser C 2 was taken to see whether 
or not it had the right magnitude and phase to serve for excita¬ 



tion 
of C 


of the grid when the tube was run self-exciting 
•2 had been adjusted with this point in mind. 


the value 
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The scheme of getting the efficiency indicated in Figs. 19 
and 20 was tried on this record of e p , i,„ and i, the power curves 
of e p i v and e p i being shown in Fig. 25; the value obtained, 
59 per cent, agrees within the precision of the test with that 
measured by the meters in the test. The value of 63.8 per 
cent given in Table I was the value obtained when the oscillo¬ 
graph circuits were not connected; the closing of the circuits 
changed the conditions enough to drop the efficiency to 59.5 
per cent. 

Fig. 26 shows the form of i p which is predicted from Fig. 17 
after the forms and magnitudes of e p and e„ have been assumed; 
this form of i p is very close to the actual form given in the oscillo¬ 
gram of Fig. 25. 

The result of our tests and analysis have then shown that 
the efficiency of a tube as a generator can be accurately pre¬ 



dicted from the three sets of curves given in Figs. 14, 17, and 
21 after we have determined, from the curves of Fig. 17, what 
the best minimum plate potential is and also what the maxi¬ 
mum positive potential of the grid should be. 

To get a fair efficiency (60 per cent or better) the value of Is 
should not be greater than 25 per cent of the saturation current 
of the tube; with the efficiency known and the safe radiation of 
power from the plate being known, the proper value of E b is 
fixed. 

Self Excited Tube. Using the circuit and constants used in 
getting the records of Fig. 25 an attempt was made to run the 
tube self exciting by changing the connections slightly as shown 
in Fig. 27. The choke coil L 2 serves to prevent the grid from 
being short-circuited to the filament (for the a-c. excitation) 
through the machine E c . The voltage for excitation was 
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obtained from the drop across the condenser C 2f the insulating 
condenser C z being necessary to prevent short-circuiting the 
machine E b . With this connection the grid does not get quite 
as much excitation as shown by the curve e c2 in Fig. 25, be¬ 
cause an appreciable part of this voltage is used in overcoming 
the reactance drop in C z . (In this calculation the capacity of 
the grid circuit of the tube itself must be considered; in some 
of the type P tubes this capacity is as high as 200 jjl [if. when 
the load circuit has its proper impedance for maximum output.) 

The circuit of Fig. 27 refused to act as it did for the separate 
excitation, giving a small output at a low efficiency; a more 
careful examination of the record in Fig. 25 gave the reason. 
The alternating components of e g and e p must be exactly 180 
degrees out of phase if the maximum output and efficiency are 



Cxcifa//br) qJ- adjics'faA/e 

Fig. 28 


Pi“ b 6 T e ! f ° nce 6Vident if the construction o 
tion’ 19 M b Camed ° Ut f ° r any other than the 180 degree rela 
Agrees^ ““ ° f Fig ' 25 shows to be 3? 

displacement J i f f PhaS6 With and that much P h as< 

so to She? SU T ? Cient C0 “P le tely upset the conclusions 

relative nhaspcfnf, 1 T* th f efore necessary to change the 

tedYn |iJ d ^ \ P ° SSible scheme is conventionally 

m Fig. _8, a rotating field is produced bv nmner 
connection to the load circuit QTlr i „ „ + . f a Dy Proper 

rotating field sirS tlf f rotatable coil placed in this 
-uue neia serves tor the gnd excitation. We had a 

scheme at hand so did not try this one simpler 

comes froin ttaeffect^if the ™^ a S es across C, and C, 
extent than in C. By * C ‘ ‘° a greater 

its disturbing e ffM t may be rAnc^d m^tlnTby 
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increasing the values of C x and C 2 , and decreasing the value 
of R, the value of L being properly reduced to maintain the 
same frequency. The increase in capacity will increase the 
value of the oscillatory current i x and as i remains constant 
its effect on the relative phases of e cX and e c2 becomes pro¬ 
portionately less. 

The arrangement of apparatus remaining as in Fig. 12 the 
constants were readjusted for efficient operation and a set of 
readings was obtained as follows; E h = 900 volts, E c = 230 
volts, E a = 310 volts, frequency = 143, L x = 9.8 henries, 
lb = 0.321 amperes, Ci = 9.2 microfarads, C 2 = 18.4 micro¬ 
farad. The resistance of the load circuit was 7.80 ohms and 
the oscillatory current produced was 4.30 amperes giving an 
alternating-current output of 143 watts. The input to the 
tube circuit is obtained from the product E b I b after certain 
losses, not chargeable to the tube circuit, have been deducted. 

The condensers C x and C 2 each consisted of two condensers 
connected in series because of the high potentials occurring in 
the circuit. In order to make the two individual condensers 
divide the voltage E b equally it is necessary that their insula¬ 
tion resistances be alike, a condition seldom encountered. 
That condenser having the higher resistance (the better one) 
will take all of the E b voltage as well as its share of the alter¬ 
nating voltage of the circuit, resulting in its probable break¬ 
down. To prevent this occurrence leak resistances were used 
across each of the condensers making up C x and C 2 , the leaks 
each being 21,000 ohms making the leak resistance of C x and C 2 
each 42,000 ohms. Subtracting the PR losses in these leaks 
as well as the P R loss in the choke coil L u gives the input to 
the tube circuit 229 watts; the efficiency was thus 62.7 per 
cent. 

Oscillograms taken of the currents in this circuit are given in 
Fig. 29. It is evident that the values of E„ and E c might well 
have been greater, resulting in a higher efficiency because of 
the resultant smaller minimum plate current. Although the 
plate current during the time A — B (Fig. 29) is small, the plate 
voltage is large and so results in a high unnecessary loss on the • 
plate. 

The phase of E c . 2 is now practically coincident with that of 
E 0 and it should therefore serve as a source of excitation. The 
circuit did not give as much power however when made self 



1442 


MORECROFT AND FRUS: 


[Oct. 10 


exciting as it should, so the constants were changed slightly to 
get more power. As finally tested the self-exciting circuit had 
the constants and performance given herewith: E b = 1040 
volts, I b = 0.335 amperes, C\ = 7.36 microfarads, C 2 = 13.8 
microfarads, L = 0.201 henry, L x = 9.8 henry, L 2 = 9.0 henry 
E 0 = 230 volts, R = 8.0 ohms. The current produced in the 
oscillating circuit was 4.40 amperes resulting in an efficiency of 
57 per cent. 

Fig. 30 shows the currents and voltages in this self exciting 
circuit and it is at once evident why such a low efficiency was 
obtained; the minimum plate voltage instead of being 200 
volts, as it should for this tube, was 300 volts. For this figure 
the curve of plate current included also the alternating part 

of the grid current, hence the absence of the depression at the 
peak value. 


The current through the plate current vibrator reversed 
during part of the cycle, due to the fact that this vibrator 
carried in addition to the plate and grid currents, an alter¬ 
nating current which resulted from the voltage across the 
condenser C 2 acting through the reactance of coil L 2 and 
condenser <73, Fig. 27. This current is shown as % x in Fig. 30; 
when the plate current is corrected by this small amount it is 
seen that the plate current does not reverse, as we know it can¬ 
not with the conditions as they existed in this test. 

Action of the Tube at High Frequency. It was desired to show 
that the action of the tube was just the same at high frequency 
as at the low frequencies used, so a circuit was arranged similar 
to that of Fig. 27, with smaller values of capacity and induct¬ 
ance. The choke coils Li and L 2 used in the previous tests 
would act as condensers of comparatively low reactance at the 
high frequency to be used, so they also had to be changed, 
ihe constants of the circuit used were: E b = 1000 volts, 
It = 0.285 amperes Cj = 0.0144 microfarad, C 2 = 0.0284 micro- 
farad frequency = 98,500,1. = 0.023 henry, L 2 = 0.016 henry, 

f. c ~ , volts ' R = 6 ; 16 ohms (high frequency determina- 
t on) There were no leaks used with the condensers in this 

Z°thl I t ? product Eb 16 after subtracting the P R loss 

wall *1°^ Ll l glV6S the mput K is found t0 be 284 

efficiency la H ° utput to the load circ uit was 160 watts the 

rZSSZSZSi 166 C c^ MCh iS in 
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In Figs. 31 to 35 are shown some special oscillograms of the 
plate current, plate voltage, and grid voltage, all for the sep¬ 
arately excited tube with the circuit shown in Fig. 12; the con¬ 
ditions of the circuit were as noted in Tables I and II. 

The conditions obtaining when Fig. 35 was taken show 
the best adjustments for efficiency which-we were able to get 
with the type P tube; the high efficiency was obtained without 
unduly decreasing the output. If this form of plate current 
could be maintained and the value of E b be increased to 3000 
volts the calculated efficiency becomes 85 per cent; this is 
probably as good as could be done with sine wave shapes of 
e v and e„ but it seems as though, by suitably deforming both 

of them, the efficiency could be considerably increased over 
this figure. 

Tests similar to those described in this paper were carried 
out using a much smaller tube, that styled by the Signal Corps 
YT-2. The results obtained with the large tube were dupli¬ 
cated almost exactly in so far as efficiency was concerned. 
Although the normal adjustments used with these tubes were 
such that the tube efficiency was about 30 per cent it was found 
possible to so adjust the values of E c and E g that the tube 
gave an output of 6.3 watts with an efficiency of 70 per cent 
the voltage used in the plate circuit being the rated value, 
namely 300 volts. It was found possible to get over 7 watts 
output with the plate loss considerably lower than its safe 
rated value; if the plate voltage had been increased to perhaps 
400 volts the tube output might have been raised to 10 watts 
while still having the plate loss within its safe value.' 

These tests were all carried out with a separately excited tube; 
with the tube self excited the efficiency was not obtained higher 
than 61 per cent, with a plate voltage of 300. This run gave 
an output of 5.6 watts output with a current I b of 0.0305 
amperes; the frequency was 400,000 cycles, the value of R 
was 53 ohms, the oscillating current 0.325 amperes, C 1 and C 2 
being 1360 and 770 micro-micro-farads, respectively. The 
value of E c was 40 volts. 

With the conditions of a self excited circuit adjusted for the 
best conditions as previously outlined difficulty may be en¬ 
countered in starting the circuit to oscillate, a shock of some 
kind being generally required to start oscillations. Because 
of this possible difficulty it may be, the best practise to run 
tubes separately excited, using one tube, (so adjusted that it 
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oscillates readily) for exciting others. It may well be that with 

LIJ? tan£ f ln t \ e 0ScllIating circuit mor e output can be 

t^T ^ W ° , tUbeS if ° ne only is used as a generator, 

two fit bem ! T d aS J exdter only ‘ Cert ainly if more than 
two tubes are to be used it will be well to use one as exciter 

for supplying the grid voltage for the others. 

JS5 e r I f t + ? 0re manipulation is required with the separately 

(the resonant Scfot ofth^ tW ° circuits 

2T resonant circuit of the exciter and the output circuit of 

inoutaTJfn beS) i mU + St be tUnSd) but the Probable increase 
m output will nicik© it worth whil6. 
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THE POSITIONS OF ATOMS IN METALS 

BY A. W. HULL 


Abstract of Paper 

When a narrow beam of X-rays passes through a fine Dowder 
of any crystalline material, it produces on a photographic plate 
placed just behind the powder a pattern of concentric circles. 
Phese circles are produced by the reflection of the X-rays from 
the planes of atoms m the crystal, and their diameters are a 
measure of the distances between these planes of atoms By 

K 6 l °U he circles exact positions of the 

atoms can be determined. Ihe results of this analysis are given 

for twenty common metals and several salts, with examples and 

brief description of the method, and a discussion of the results. 


Hr HE determination of the exact positions of atoms in solid 
bodies is the next to last of a series of discoveries, that 
have made atoms as real as the bricks of which houses are built. 

The atom of 20 years ago was the “hypothetical smallest sub¬ 
division of matter.” The atom of today is a real object of 
definite shape and size. We know what it is made of. We 
know its weight in grams. We can see its splash when it im¬ 
pinges on a plate of fluorescent material. We know its exact 
speed when it flies about as gas. And, lastly, we know its 
exact position when it forms part of a solid body. 

A brief enumeration of these discoveries is a necessary in¬ 
troduction to the following discussion. 

First came the discovery of dancing molecules. Heat had 
been considered a substance. The "Kinetic Theory of Gases” 
proved that it is a condition, viz., the motion of the molecules, 
which fly about like frenzied bees, bumping against each 
other and the walls of their enclosure. Through this discovery, 
all the store of facts and laws about* gases can be correlated by 
the single picture of these dancing molecules. We believe in 
these dancing molecules as firmly as in the law of gravitation. 
Whenever we think of gas we see dancing molecules. 

The next discovery was J. J. Thomson's streaming electrons . 
Our text-books taught, and some still do, that electricity is 
not a fluid, though it behaves in many ways like one. Thomson 
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proved that electricity is a fluid, that its atoms are the electrons 
which constitute the atoms of matter, and that it flows through 
wires just as water flows through pipes. 

Next came the weighing of the atom . Faraday showed long 
ago how to determine the weight of an atom in terms of the 
charge it carries in electrolysis. There remained, therefore, 
only the measurement of this “unit charge” viz., the charge of 
a single electron, by Millikan, to give the exact weight in grams 
of any atom that can be deposited electrolytically. As soon 
as the weight of any one atom is known, the weights of all the 
others can at once be calculated from the known relative 
atomic weights. 

Then came the counting of individual atoms . This began 
with Sir William Crookes' “spinthariscope,” and culminated in 
the beautiful experiments of Rutherford and Geiger, in which 
they counted one by one the helium atoms (the so-called “a 
particles ) as they emerged from the surface of disintegrating 
radium; and then allowed them to pass, one by one, into a 
thin-walled glass tube, until enough had accumulated to form 
a gas whose pressure could be measured and spectrum analyzed. 

These counting experiments led directly to the determination 

of the composition of the atom . J. J, Thomson had proved that 

every atom contains electrons. Rutherford proved that it also 

contains a positively charged kernel or nucleus, very small 

compared to the whole atom, but so dense that it contributes 

nearly the whole weight of the atom. The hypothetical atom 

thus became a concrete thing that can be visualized; a tiny, 

(but large enough to be studied) solar system, with nucleus sun 

and electron planets. The only respect in which one kind of 

atom differs from another is the magnitude of the positive 

charge of the nucleus, which determines how many electrons it 

can hold m its planetary system, and hence all its physical and 
chemical properties. 


Finally came the discovery, by the Braggs, of the method of 

be^uST^ t ?° S * tlon ® of the atoms in soM bodies. The 
fW . ( P° mt lattlces of the crystallographers were hypo- 

onftw. rf ^ e ™ m ® rated Possibilities, but could not point 

irive h ttr a i ?' i The Bragg measureme nts of atomic distances 

reliable nt ai J a ^ ements - They are as accurate and 
th °f of the surve yor or astronomer. The only 
assumption made is that the arrangement of atoms is a regular 

one which repeats itself, and this assumption can be checked by 
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experiment. The method consists simply in the measurement, 
by means of a special measuring rod/* which will be described 
of the distance between atoms in three or more different direc¬ 
tions. From these measurements a model can be constructed, 
which can then be checked by further measurements. The 
model must also agree with known physical properties of the 
substance, such as density, atomic weight, and crystal habit. 
A model which contains but one kind of atoms and satisfies all 
these tests may be regarded as very reliable. The reliability 
is still further increased by the fact that all the models investi¬ 
gated thus far have turned out to be very simple. In cases 
where there is more than one kind of atom, i.e., compounds or 
alloys, an additional factor, viz ., the size and shape of the 
atoms, must be taken account of. There is one type of 
compound, containing only two kinds of atoms, whose struc¬ 
ture is so simple that it cannot be misunderstood. Examples 
of this type will be included in the following discussion. Com¬ 
pounds containing more than two kinds of atoms have not yet 
been sufficiently studied to warrant their discussion, but there 

is every reason to believe that their analysis will be equally 
simple and reliable. 

In the following pages, there will be given, first, a general 
survey of the results obtained, then a brief description of the 
method of measurement, and lastly, a more complete discussion 
of the individual models and some of their properties. 

I have referred to the location of atoms as next to last in the 
series of atomic discoveries. For in order to complete the 
picture, one more discovery is necessary, viz., the shape and 
size of the atom. An excellent beginning in this direction has 
already been made by Langmuir 1 whose theory of atomic 
structure predicts the shapes and relative sizes of all the atoms, 
and gives strong chemical evidence in favor of these predictions 
The author hopes soon to be able to add the evidence of X-Ray 
measurements, which will determine not only the shape but the 

exact size of the atoms, that is, the positions of the electrons in 
the atoms. 

2. Summary ■ of Results . The most striking result of these 
investigations is the extreme simplicity of arrangement of 
atoms in commo n metals. Among the metals thus far ex- 

1. Langmuir, J. Amer. Chem. Soc . 41, 868, June, 1919. 

2. Hendrick, J. Chem. Met Eng . 21, 3, July, 1919. 
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amined only three types of atomic arrangement are found, 
and these are, with one exception, the three simplest geo- 
me rica arrangements known. The simplest arrangement 
of all is not found among metals, but is characteristic of salts, 
w ich are composed of equal numbers of positive and neg- 

10ns * This typ e and a fifth type, also very simple, 
which is characteristic of non-metallic elements, will be in- 
cluded m the discussion for the purpose of comparison. 

1 he most common arrangement in metals is the face centered 
cubic arrangement, shown in Fig. 1. This is also the most 
important since most of the useful metals,—e. g., aluminium, 
nickel, cobalt, copper, silver, platinum, gold,—have this ar¬ 
rangement of atoms. Perhaps it would be better to say that 



those substances are most useful as metals which have this 

arrangement, since, as will be shown later, their ductility is 
due largely to this arrangement. 

The face-centered cubic arrangement is obtained by dividing 
e space occupied by a single crystal or “grain" of metal up 
mto a system of equal, closely packed cubes (Fig/ 1 a) and 

cnwir ir.f 6 f Ch CUbe COrner and at the eenter of each 
, J A11 the at ° ms m thls arrangement, both corner and 

relntioTi 0 f 18 ’ are ® lmilarl y situated as regards symmetry and 
elation to neighbors. Each atom is surrounded by twelve 

atnm S ’ Tf , eqaidls ^ nt and exactly similarly situated for every 

cln^'r,^t^ th it h 5 h d 1 egree of s ^ metr y> combined with the 

This ?rJ? ng ’ that makes ^stances of this type so ductile. 
This arrangement is known as “cubic close-packing" and is 
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one of the two alternative arrangements that equal hard 
spheres assume (Fig. 1b) when pressed tightly together, with 
sufficient shaking to allow them to find their places. This 
suggests, and the other evidence at hand points to the same 



» 

Fig. 1b—Face Centered Cubic Arrangement (Cubic Close Packing) 

conclusion, 2 that the atoms of the substances which have this 
arrangement are fairly spherical in shape. The necessary 
shaking corresponds to the temperature required for “anneal¬ 
ing.’' The only difference between the packing of balls and 



Fig. lc— Face Centered Cubic Arrangement (Cubic Close Packing) 

that of atoms of this kind is the ability of the atoms to hold 
on to each other after they have found their places. 

There is one important exception to the rule that the most 
ductile, and therefore the most generally useful, substances are 


2. of. Langmuir, 1. e. p. 878 




















[Oct. 10 


HULL: ATOMS IN METALS 

those whose atoms are in face-centered r .nK; 

Viz., iron. The atm™ n f ■ centered cubic arrangement, 

denum, tungsten and the^k r ff ° f chronium ’ mo1 ^- 
arrangement (Fig' 2) Thi* & 1 meta s ’ are in centered cubic 

ing the space occupied by a i* pMained by divid ' 

elose-packed cubes al L g CryStaI 0r grain into equal 
and each cube center Th C1 f g &n a ^ om a ^ each cube corner 

atoms” and the “center atoms*” a^ 8 °/ a i° mS ’ the “ corner " 

if the system of lines in Fiv 9h ’a ^ re mterchan S eab h so that 
atm™ on h Ig> 2 had started with one of the renter 

Sand 

atom, is surrounded by eight ottS ta nerfTet“‘v ” C ° mer 
ment about it, situated always in the same 2 b * amnee : 
at the same distances. Hear. f™ 6 d , lrectwn and 



-- *l**ii^ J, 

mSt. d Ti e s notf Wver a a. th ? face ' centered cubic arrange- 
spheres cannot be packed in° 086 + packed- Smoot h, hard 
except by the CUbic dement 

unstable equilibrium. A slight ja^cauH Th S ° f Cked are in 
m one of the close-packed arrangements S i° 
is evident, then, that the atoms nf +h ' i 8 ' 1 and ^ ^ 
not spherical or that thev no**rso 6Se e emen ts are either 

Wion locaiised fOT " S » f ^ 

The third type of arrano-m™-^ \ I0 ' - 

gmal close-packed arrangement (FiTai m ™ eta } s is the hexa ~ 
the two alternative arrangement* f ml Tt 1S the second of 
assume when closely packed by pre^ure Spher6S 

1-s symmetrical than the cubi/c 
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equally close packed. The two are closely related, and each 
can be produced from the other by a simple gliding, as will be 
shown later. This is the arrangement taken by the atoms of 
magnesium, zinc, cadmium electrolytic cobalt, and probably 
to some extent by all cubic close-packed metals when strained 
(so as to cause gliding.) This arrangement is formed by divid¬ 
ing the space occupied by a single crystal of the substance into 
a series of equal closely packed right triangular prisms, the 
bases of which are equilateral triangles, and the altitudes equal 
to 1.633 times the length of the sides of the triangles. (Fig.lA.) 
An atom is located at each prism corner and at half of the prism 
centers. This arrangement is simpler and more sy mm etri ca l 



Fig. 4—Simple Cubic Arrangement 


than it appears. Each atom is surrounded by twelve others, 
all equidistant and uniformly spaced about it in dodecahedra 
arrangement. These dodecahedra are of exactly the same di¬ 
mensions as in the cubic close-packed arrangement, but are not 
quite regular, the upper half being rotated 60° from the posi¬ 
tion corresponding to a regular dodecahedron. 

There are two other simple types of arrangement, which, 
though they do not occur among metals, are important for 
comparison, and their description will make clearer the distin¬ 
guishing features of metals. 

The first is the simple cubic arrangement (Fig. 4). It is 
formed by dividing the space occupied by a crystal into a 
series of equal, closely-packed cubes, and placing an atom at 
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each cube corner. All the atoms are similarly situated, each 
being surrounded by six others, all equidistanct, in the direction 
of the cube faces. In spite of its great simplicity, it has only 
the same degree of symmetry as the two cubic arrangements 
already described. It is an extremely “loose packed” arrange¬ 
ment for hard spheres, and would be very unstable. A system 

of equal cubes, however, if packed in this manner would fill all 
space. 

No elementary solid has yet been found whose atoms arrange 
themselves in this manner. This fact might be interpreted as 
evidence that none of the atoms are cubical in shape. There is 
strong evidence, however, that many of the atoms, especially 
those of low atomic weight, are approximately cubical in shape 3 . 
The fact that when these substances crystallize, their atoms do 
not pack together in simple cubic arrangement, is due rather 
to the nature of the forces holding them together (see discussion 
of iron, tungsten, etc., above.) It may be taken as evidence 
that these forces, in the case of cubical atoms, are not localized 
at the centers of cube faces, but at cube corners. 

The substances which have this simple cubic arrangement of 
atoms are composed of equal numbers of positive and negative 
ions. The positive and negative ions alternate in every direc¬ 
tion as shown in Figs. 4 and 16, so that each positive ion is 
completely surrounded by six negative ions and vice versa. 

he forces holding these atoms together are different from any 
of those thus far considered. In the cases described' above, 
and in the great majority of compounds, the cohesion is due to 

e stray fields of the atoms. In these ion compounds it is due 
to the electrostatic attraction between the oppositely charged 
ions. This is stronger than the stray fields, and causes the 
atoms to pack together as closely as their shape will allow. 

• i they choose to P ack in simple cubic arrangement 

is additional evidence that they are cubic in shape. No ion 

compounds of this kind, (i. e. containing equal numbers of 

positive and negative ions of approximately the same size) 

between spherical atoms have yet been examined, but it is to 

they WiU Sh ° w ong of the “ close Packed” 
above" ntS (face " centered cubic or hexagonal) described 

^ The , fift h s irn P I e ^ of atomic arrangement is the tetra- 

3. (See Langmuir, 1. e. 41, p. 892 ff.) — 
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hedral arrangement. (Fig. 5.) Each atom is surrounded by 
four others, arranged in a regular tetrahedron about it. It is 
not as symmetrical as the three cubic arrangements described 
above (Figs. 1, 2, and 4) for while each atom is at the center of 
a tetrahedron of neighboring atoms, half of these tetrahedra 
are positive and half negative; i. e., upside down with respect 
to the first. 

The only substances thus far found with the tetrahedral 
arrangement of atoms are diamond, silicon, and the “ion com¬ 
pound' 7 N H 4 CL There is strong chemical evidence that in 
each of these substances, the unit of structure, (viz. the C and Si 
atom, and the N H 4 ion) is really tetrahedral in shape. 

The Measuring Machine. The determination of these atomic 
arrangements requires the measurement, in as many different 
directions as possible, of the distance between consecutive 
planes of atoms. The arrangement of atoms, whatever it may 
be, is assumed to be a regular one which repeats itself through¬ 
out the crystal 5 . This assumption can be checked by the 
result. Through such an arrangement a system of equidistant 
parallel planes can be drawn in any direction whatever so as to 
pass through all the atoms. In most directions, these planes 
will be very close together and sparsely settled with atoms. 
In a few particular directions, however, they will be far apart 
and densely populated These are the directions of easy cleav¬ 
age and gliding. It is these densely populated planes whose 
distances apart are measured. 

The original measuring machine, by which the pioneer 
measurements were made, was a special form of “spectrometer. 77 
It has been simply and charmingly described by its inventors in 
a book 5 worth reading. The measurements described in this 
paper* were made with a modified form of Bragg machine. 
The original machine was applicable only to large, perfect 
crystals, required careful manipulation, and was subject to 
serious error unless the crystals were very perfect and the 
number of observations large. The author's modification is 
free from these errors, requires but one simple observation, and 
is applicable to all substances which are crystalline, i. e. } all in 
which there is any arrangement to measure. 

5. (If the arrangement is not regular, there is nothing to be measured. 
Such “amorphous” solids are very few in number, much fewer than was 
previously believed.) 

6. (W. H. and W. L. Bragg, “X-Rays and Crystal Structure” G. Bell 
& Sons, London.) 
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The complete machine is shown in Fig. 6. It consists of a 
small transformer (or other source of high potential) capable of 
supplying 1 kw. at about 30,000 peak volts; a Coolidge X-Ray 
tube, X ; a thin sheet of properly chosen material, /, serving as 
filter; a pair of slits, Si and s 2 , in metal sheets, to limit the beam 
of X-rays; a tiny glass tube, T, containing the powdered 
substance to be measured; and a photographic plate or strip of 
film bent in arc of circle, F. The operation consists in filling 
the glass tube with a few milligrams of the substance to be 
analyzed, powdered as finely as possible; “loading” the photo¬ 
graphic film holder; exposing over night to X-Rays at 30,000 
peak volts and as many milliamperes as the tube will carry 



Fig. 6—Powder Photograph Apparatus 


safely without watching, (a maximum exposure of 300 milli- 
ampere hours); and developing the film 

Typical photographs are shown in Fig. 7 A and 7 B. Fig. 7a is 
a photograph of aluminium filings, taken with a plate and very 
short slits, so that the trace of the direct beam in the center of 
t e plate is a circular spot. Fig. 7 b is a photograph of moly¬ 
bdenum powder, taken with circular film and slits as shown in 
ig- 6 . In this case the traces of the circles on the film show 
as nearly straight lines. The circles and lines are due to the 

aad “ refleeted ” * **. 7 * ^ been ^ 

the d~ i a Step ? ed ” fllter ’ P laeed directly in front of the film, 
tor tne purpose of measuring the intensity of the lines. 
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“reflection” of the X-rays by the tiny crystals of molybdenum 
in the tube, as will be described later. The distances of these 
circles or lines from the central line on the film are nearly pro¬ 
portional, inversely, to the distances between the planes of 
atoms, and from them these atomic distances can be easily and 

quickly calculated. Some,, examples of calculation are given 
below. 

The Measuring Rod . The measuring rod by which these 
atomic distances are measured is the wave-length of a particular 
X-ray. 

The possibility of measuring the dimensions of any physical 
body depends, primarily, upon the possession of a measuring 
rod of length comparable with the dimensions to be measured. 
Thus, the discovery and calibration of wave-lengths of visible 
light opened up a whole new field of measurements, comparable 
in length with this new measuring rod, such as the thickness of 
films, imperfection of polished surfaces, displacement of vibra¬ 
ting membranes, increase in length due to thermal expansion, 
etc. In the same way, the discovery that X-rays are of the 
same nature as light, and the isolation and calibration of 
X-ray wave-lengths, opened up a vast new field of measure¬ 
ments of dimensions comparable with the wave-length of 
X-rays; viz., atomic dimensions. 

We are accustomed to think of the measurement of things 
too large or too small to see and touch as necessarily very 
rough and approximate. It is somewhat of a surprise, there¬ 
fore, to note that the only measurements accurate enough to 
justify the use of eight-place logarithm tables are those of 
astronomy; that wave-lengths of light are measured to 1 part 
in 10,000,000; and that the wave-length of X-rays, and by 
means of it, the distances between atoms, can easily be meas¬ 
ured to 1 part in 100,000. 

The spectrum of X-rays is exactly like that of visible light, 
except that the wave-lengths are shorter. It consists (Fig. 8) 
of bright lines superimposed upon a continuous spectrum. The 
wave-lengths in the X-ray spectrum depend upon anode 
material and voltage (Figs. 9 and 10) in exactly the same way 
that the wave lengths in the visible spectrum depend upon 
incandescent material and temperature. And just as it is 
possible to obtain nearly monochromatic yellow light by putting 
salt in a flame under proper conditions, so by r unning an X-ray 

8. (For a more detailed description, see Hull, Phys. Rev. 10, 666,1917.) 
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tube with proper anode at the right voltage, it is possible to 
produce a single wave length (line) of such great intensity that 
practically all the rest of the spectrum can be absorbed by a 
properly chosen filter, leaving nearly monochromatic X-rays. 8 
Fig. 10. It is in this way that -the monochromatic X-rays used 
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Calibration of Measuring Rod. The measurement of the 
wave-length of X-rays in centimeters was part of the pioneer 
work of the Braggs 9 , and was accomplished in the same way 
as^the measurement of visible wave-lengths, viz. by the use of 
a “grating" of known dimensions. It is interlocked with the 
determination of crystal structure, since the grating used was 
a crystal, and it was necessary, before using it, to determine its 
dimensions, i. e. the arrangement of atoms in it. The proce¬ 
dure was that of experiment and trial. Preliminary experi¬ 
ments indicated that the atoms of rock salt were in simple 
cubic arrangement, as shown in Fig. 4. Assuming this to be so, 
a rock salt crystal was used as a grating to measure tentatively 



Pig. 10 Effect of Filtering on Molybdenum X-ray Spectrum 

the wave-lengths of X-rays. These wave-lengths were then 
used for further investigation of the arrangement of atoms in 

rock salt and other crystals, and were checked and corrected 
by successive trials. 

The method of using the rock-salt grating is shown in Fig. 11. 
The crystal C, with its planes of atoms perpendicular to the 
paper, is placed in the path of a narrow beam of X-rays. Each 
plane of atoms acts like a mirror and reflects a small fraction 
of the rays. The reflection is a maximum when the reflected 
waves from all the planes (many million, except in the case of 
very long wave-lengths) are in phase, that is, when each is an 
.9. X-Rays and Crystal Structure, p. 110). ~ 
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exact wave-length or some whole number. of wave-lengths 
behind the next. It is easy to show that this is true only when 

n X = 2 d sin 6 (1) 

where n is an integer, usually 1 or 2, X the wave-length, d the 
distance between planes of atoms, and 6 the angle of incidence 
(i in Fig. 11) of the rays on the crystal 11 . 

The determination of X requires, therefore, the knowledge 
of n, d, and 6. 6 can be observed, and the orders, n, counted. 

d must be determined initially from the physical properties of 



the crystal, viz. its density, atomic weights, and arrangement of 
atoms. This can best be explained by an example: 

The atoms of rock salt are in simple cubic arrangement, as 
shown in Fig. 4. There is one atom to each cube, as can be 
seen by displacing all the atoms in Fig. 4 in the direction of a 
cube diagonal to the cube centers. Half of the cubes contain 
sodium atoms and half chlorine atoms. The average weight 
per cube is the mean of the w eights of one sodium and one 

10. (It mil be observed that in order to measure different wave-lengths 
the crystal must be rotated. TMs is the only essential difference between 
tie crystal grating and tie ordinary diffraction grating). 


PLATE LXX 
A. S, E. E. 
VOL. XXXVill, 1919 



Fig. 12— Typical X-ray Powder Photographs op Metal 
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chlorine atom, viz. 1/2 (38.00X 10~ 24 g +58.50xl0- 24 g) =48.25 
X 10" 24 g. Hence the density, which is the weight per unit 

volume, must be equal tb — 10 — where d is the side 

of one of the small cubes (Fig. 4,) i. e., the distance between 
planes of atoms parallel to the cube faces. This value of 
density must be the same as that obtained by measuring and 
weighing a large crystal, viz. 2.174. This gives 



48.25 X 10~ 24 
2.174 


= 2.814 X 10~ 8 cm. = 2.814A 12 


The wave-length of the “^doublet” of molybdenum deter¬ 
mined in this way is 0.712 A 13 . This is the “measuring rod” 
with which the following measurements were made. 

Interpretation of Powder Photographs. The X-ray wave 
length thus calibrated can now be used to measure atomic 
distances. If, in the arrangement shown in Fig. 11, the X-rays 
are made monochromatic by proper voltage and filtering, then 
as the crystal is rotated a series of intense reflections will be 
observed at angles whose sines are in the ratio 1:2:3 etc., 
corresponding to successive integral values of n in Eq. 1. If a 
new face is ground on the crystal at an angle to the first, and 
exposed to the rays in the same way, another similar series of 
reflections will be observed, at different angles, corresponding 
to the different distance (d, Eq. 1) between the planes parallel 
to this new face. The process of analyzing a crystal consists 
in observing these reflections from as many faces as possible, 
and calculating, from Eq. 1, the distance between the planes 
parallel to them. When a single crystal is used this requires 
many observations. The work is greatly simplified by using a 
powder, in which all possible orientations are represented at the 
same time by one or more of the tiny crystals, and photo¬ 
graphing simultaneously the reflections from all these little 
crystals. This is the method sketched in Fig. 6, and gives 
patterns of lines like Figs. 7,12 and 13. It might be expected 

‘ ' " o' ~~ ■ 

12. (The Angstrom unit or A (= 10 -8 cm.) which is the standard unit for 
expressing wave-lengths of visible light, is even better suited to atomic 
and X-ray measurements. It will be used or assumed in all the following 
discussions). 

13. (The best measurements of X-ray wave-lengths are those of 
Siegbahn, Verh. Deut. Phys. Ges. 13,300, 1917. 
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that the number of lines in these patterns would be infinite, 
since there is an infinite number of different possible planes in 
any crystal. The reflections from most of these planes, how¬ 
ever, come at angles whose sines are greater than 1, (as is evi¬ 
dent from equation (1) when d is small) and which therefore do 
not exist. 14 

The analysis of these photographs is very simple in the case 
of simple substances, like pure metals. It consists in finding, 
by successive trials, an arrangement of atoms whose planar 
spacings, beginning with the planes farthest apart and skipping 
none, exactly fit the observed pattern of lines. The calculation 
of the planar. spacings for all the important planes is not 
difficult, and with simple substances but few trials are necessary. 

The method of calculation can best be shown by an example. 
Potassium chloride (Fig. 13) gives the simplest pattern of lines 
yet observed. It consists of 6 regularly spaced lines, then a 
slight gap, then 7 more lines, (these may not all show in the 
reproduction), then another gap, etc. The best first guess is 
that a simple pattern like this corresponds to a simple cubic 
arrangement. The equation of solid geometry for the distance 
between planes in a simple cubic arrangement is 


d = 


d 0 


Vh 2 + Jc 2 + Z 2 


( 2 ) 


where h, Jc, and Z are any whole numbers, and d 0 is the side of 
he cube. The numbers h, Jc, l, are called the “indices” of the 

»*?!*• „ T ^ ey a f € L the reciprocals of the intercepts of the planes 
on the A, Y and Z axes respectively. 

The largest distance is , corresponding to the “indices” 

V t 

1, 0, 0. This gives the line nearest the center (see equation 1). 
he next line is , given by the planes whose indices are 

1,1,0. Then follow — C\. 1 I'i ro r* n\ do 
d 


V3 


r a (2 > °> 0) > i. o). 


V5 


V6 ^ ‘ next corresponding to ~ 

-;_____ y/'f' ’ 

enoncrli tI hiS T* n t physicall y tha t there is no angle of incidence w7, 
enough to make the reflection from „ , s , incidence large 

behind that from the one in front.) P ^ & Wh ° le wave4en g th 
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should be lacking, as there are no three numbers the sum of 
whose squares is 7. Fig. 13 shows that it is actually lacking. 

Then follow, in regular order, (2, 2, 0), (2, 2, 1 and 

v o \/9 

3. 0, 0), (3, 1, 0). (3, 1, 1), -A, (2, 2, 2), 


(3, 2, 0) and ~= (3, 2, 1). Then should come another gap, 


d 

corresponding to ~~ , which cannot be formed from the 

V15 

squares of three integers. These regularities can be better seen 
in some of the other patterns in Fig. 13, which are exactly 
similar to that of K Cl, except that there are extra lines just 
in front of the first, third and fifth regular lines due to the 
difference in weight and size of the two atoms of which these 
salts are composed. The calculation of the positions of these 
extra lines is also simple, but will not be given here. 

Returning to K Cl, the positions of the lines calculated from 
the above series of inverse square roots are found to coincide 
exactly with the observed pattern. This proves that the 
first guess was correct, that the atoms of K Cl are in simple 
cubic arrangement. The result can be independently checked, 
however, by the density. For the average mass in each of the 
small cubes, divided by the volume of the cube, must equal the 
known density of the substance. The value of d 0 calculated 

from equation 1 is 3.13 A. The average weight of potassium 
and chlorine atoms is l A (64.5 + 58.5) X 10" 24 g = 61.5 

X 10” 24 g . This gives for the density ~ }q - 8 )3 =2.01 

which checks with the standard value within experimental 
error 15 . 

One more example may be briefly cited, viz . molybdenum. 
Its pattern is shown in Fig. 10. It is found that the series of 
lines which corresponds to a simple cubic arrangement does not 
fit this pattern. We therefore try a centered cubic arrange- 

15. (These X-ray determinations of density are, in general, much more 
accurate than the standard ones). 
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ment. The distance between planes in this arrangement is 
calculated in the same way as for the simple cubic arrangement, 
except that half the lines, viz. those due to planes the sum of 
whose indices are odd, are lacking 16 . Hence the relative 
spacings, beginning with the largest, should be proportional to 


1 1 1 
V2 ’ V4 ’ V6 ’ 


The series of lines calculated from 


these values is found to fit the pattern of Fig. o 10 exactly. The 
length d 0 of the side of the small cube is 3.15 A. As check, the 
density of molybdenum should be equal to the weight of two 
molybdenum atoms divided by the volume of the cube, i. e. 

318 X 10~ 24 

(3.15 X 10 -8 ) 3 = I® • 0 w hich is the correct value. 


Discussion of Results 

* 

The results of the measurements that have been made thus 
far are summarized in the following table. The list includes 
most of the metals that are easily obtainable in pure form, a 
few simple salts, as examples, and the non-metallic elements 
carbon (diamond) and silicon. The structure of graphite is 
less simple, and will not be discussed here. It apparently 
contains a mixture of forms, produced by gliding, like cobalt. 

The case of cobalt is exceptional. A finely powdered sample 
produced by rapid electrolysis showed a mixture of cubic and 
hexagonal close-packing in nearly equal ratio. After annealing 
m hydrogen at 600 deg. this sample showed only the cubic 
orm. Another sample, composed of filings from pure cast 
me al, showed slight traces of hexagonal packing, due presum- 

^ T ? s r _ ai . nm 2- It is probable that the other cubic close- 
packed metals will behave in a similar manner, but this ques¬ 
tion has not been studied. 


Physical Properties 

pJnlTf ° f the . physicaI P r °Perties of these substances are 
ewdentfrom an inspection of their atomic models. Thus it is 

sSTand : duSf V th ^ C ? tered CUbiC ™^ment are 
faces (the bevels f* planes Parallel to the octahedral 

packed that one nl ^ ^ atoms are so closely 

Pfggedth at one plane can slip ove r the one beneath it without 

16. (For details and theory see Hull, Phys. Rev. 10,673, 1917b- 



1919] HULL: ATOMS IN METALS 1463 

appreciable elevation, and without the atoms getting away 
from each other's attractive influence. There are 4 sets of 
planes parallel to which this easy gliding can take place, viz . 
those parallel to the 4 pairs of octahedral faces, and in each 
of these planes there are three equally easy directions. There 
is no direction, therefore, in which a shearing force can be ap- 


TABLE I. 


Substance 

Arrangement of atoms 

Length of side 
of elementary 
cube in 

O 

Angstroms 

Distance be¬ 
tween nearest 
atoms (between 
centers) in 

O 

Angstroms 

Aluminum. 

Face-Centered Cubic 

4.05 

2.86 

Cobalt. 

(Cubic close-packed) 

3.57 

2.52 

Nickel. 

u * 

3.54 

2.50 

Copper.. 

U 

3.60 

2.54 

Rhodium. 

it 

3.82 

2.70 

Silver. 

u 

4.06 

2.87 

Platinum. 

u 

4.02 

2.85 

Gold. 

u 

4.08 

2.88 

Lead. 

it 

4.92 

3.48 

Lithium. 

Centered Cubic 

3.50 

3.03 

Sodium. 

« 

4.30 

3.72 

Chromium. 

it 

2.91 

2.52 

Iron. 

it 

2.86 

2.48 

Molybdenum. 

it 

3.15 

2.73 

Tungsten. 

« 

3.15 

2.73 

Magnesium. 

Hexagonal (close-packed) 

* * 

3.22 

Zinc.. 

<t 

9 m 

2.84 

Cadmium. 

it 


3.15 

Cobalt. 

u 


2.53 

Diamond. 

Tetrahedral 

3.56 

1.54 

Silicon. 

it 

5.43 

2.35 

Lithium Fluoride. 

Simple Cubic 

2.01 

2.01 

Sodium Fluoride. 

tt 

2.SI 

2.81 

Sodium Chloride. 

a 

2.81 

2.81 

Potassium Fluoride. 

it 

2.69 

2.69 

Potassium Chloride. 

it 

3.13 

3.13 

Potassium Iodide. 

U 

3.55 

3.55 

Magnesium Oxide. 

it 

2.11 

2.11 


plied to a crystal of this kind which would not be nearly parallel 
to one of these directions of easy gliding. 

If the shear takes place in such uniform manner that each 
plane moves over the one beneath it by the same amount, the 
original arrangement is reproduced and no strain results. If 
only the alternate planes move, however, the arrangement 
becomes hexagonal close packing. This is evident from Figs- 
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14a and 14b, which give the arrangement of atoms in successive 
close-packed planes (dotted and heavy lines resp.) in the cubic 
and hexagonal arrangements respectively. In the cubic ar¬ 
rangement there are three different positions of the planes, 
and these alternate 1, 2, 3, 1, 2, 3, etc. In the hexagonal ar¬ 
rangement there are only two positions, which alternate, 1, 2, 
1, 2, etc. 



Close Packing 


In the hexagonal close packed arrangement there is only 
one set of planes parallel to which this easy gliding can take 
place Hence a strained metal becomes less ductile to the 

lts .arrangement becomes hexagonal, and it 

The w!i meC v aniC t 7° rking Sh0Uld produce hardening, 
than the faee c ^ blc -petals should be somewhat less ductile 
than the face-centered. For the atoms hold on to each other 
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at only 8 points (Fig. 15) instead of 12, and are more likely to 
move out of each other ? s influence during gliding. 

In the tetrahedral arrangement gliding is impossible. The 
atoms touch at only 4 points, and in jumping from one stable 
position to the next would entirely lose hold of each other. 

This firm interlocking also accounts for the hardness of these 
substances. 

In the case of the simple cubic salts (Fig. 16) gliding is im- 



Fig. 14b—Arrangement of Atoms in Successive Planes in Hexago¬ 
nal Close Packing 


possible for a different reason. The atoms are held together 
by electrostatic attraction, each ion being surrounded by six 
oppositely charged ions. The process of gliding would bring 
ions of like charge opposite each other, with resulting repulsion 
and cleavage. 

The electrical conductivity of metals depends on the ability 
of electrons to move between the atoms. A discussion of this 
without a better knowledge of the shape and size of atoms 
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would be premature. It can be seen at once, however, why 
“ion salts” and crystals like diamond are non-conductors. In 
each of these arrangements the electrons in the atoms are in 
complete groups of eight, which is such a stable arrangement 17 
that large forces (corresponding to the dielectric strength of 
the substance) are required to remove them. The atoms of 
metals, on the other hand, have extra electrons which cannot 
find places in these stable shells, and are therefore “free” to 
move from atom to atom. 


Magnetic Properties 

It is well known that the ferro-magnetism of iron is not a 
specific property of the iron atom, since iron in solution and 
in compounds is in general not ferro-magnetic. The ferro¬ 
magnetism must depend, not only on the nature of the atoms, 



Pig. 16 Packing op Atoms in Simple Cubic Arrangement 


but on the way in which they are grouped together. It might 
have been anticipated, therefore, that the cause of ferro¬ 
magnetism was the centered cubic arrangement which is charac¬ 
teristic of non. A glance at Table I shows that this is not 
ne case. Nickel, which is ferro-magnetic, has a face-centered 
cubic arrangement, like copper. Cobalt is sometimes like 
copper, sometimes like magnesium. Neither is like iron. 
Chromium, on the other hand, which is not ferromagnetic, 
has a centered cubic arrangement like iron. Manganese has 

ranvemei een T+ 0btaine 5 Sufficiently P ure to determine its ar- 
™ !t M evi dent, therefore, that while the centered 
bie arrangement may be favorable to ferro-magnetism, and 

noTtbT. 11,011 ^ than cobalt »d nickel/ £ is 

not the principal or even an essential f actor. 

17- Langmuir, 1. c. p. 873. ~ ----- 
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THE PIEZO ELECTRIC EFFECT IN THE COMPOSITE 

ROCHELLE SALT CRYSTAL 


BY A. MCL. NICOLSON 


Abstract of Paper 

The piezo-electric effect is an. electro-elastic property of certain 
crystals. It involves the conversion of mechanical into electrical 
energy, and also the converse effect. The paper presents an 
exposition of piezo-electricity and related optical and other 
properties belonging to these crystals. Special reference is made 
to the comparatively large piezo-electric effects produced by 
Rochelle salt crystals prepared so as to develop the natural 
composite structure usually associated with substances which 
have been exposed to shearing stresses, in this case during 
growth. 

Applications of the piezo-electric effect in such crystals to the 
transmission and reception of sound, are described and demon¬ 
strated. 


Introduction 


T HE expression piezo is derived from the Greek “piezein” 
signifying “to press.” It relates to a variety of solids 
in the crystalline state, which when subjected to change 
of stress, become electrically polarized. Piezo-electricity, in¬ 
cludes, also, the reciprocal phenomenon, whereby the same 
crystals dilate or produce stresses when electric charges are 
applied to certain regions. 

Before discussing the piezo-electric effect in these crystals 
it will be of assistance to consider first the optical activity 
exhibited by the same class of crystals. 

For example, quartz and Rochelle salt are piezo-electrically 
active for the same reason that they are optically active, viz., 
on account of their individual structural asymmetry. 

Optical Properties 

It has been known for a century that certain 1 substances 
either in the crystalline state or in solution possess the power 
of rotating the plane of polarization of polarized light. This 
property in the case of the crystal 2 as also of the solution 3 was 

1. Biot. Soci6t6 Philomathique, Dec. 1815. 

2. Hersehel, Roy. Soc. 1820. 

3. Pasteur, Soc. Chim., Paris. 1860. 
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shown to be due to structural asymmetry. In crystallography 
this asymmetry is called hemihedrism and refers either to an 
asymmetric arrangement of perfectly regular and superposable 
molecules or to an arrangement of molecules which are them¬ 
selves asymmetric. For example, quartz and other minerals, 
so far as we know, do not possess molecular asymmetry; yet, 
on account of the right or left handed spiral or other unsym- 
metrical structure prevailing with respect to a principal axis, 
the optical plane of polarization is correspondingly rotated. 
When, however, the mineral structure or crystal is destroyed, 
the optical activity vanishes. On the other hand, the asym¬ 
metry of the active organic crystals and solutions resides in 
the molecule, and although optical activity is not always 
strongly manifest in the organic crystal, it is generally strong 
in the solution. 4 Each asymmetric molecule takes part in the 
rotation. Inasmuch as the molecule may offer a dextro- or 
laevo-rotation of light, there must necessarily be an asym¬ 
metric configuration or “stereo-isomerism.” This is generally 
described as a molecular structure having that kind of asym¬ 
metry that is not superposable with its reflected image, 
possessing neither a center nor a plane of symmetry. In 
stereo-chemistry these so-called “enantiomorphic” isomers are 
of three kinds: right forms, left forms, and a mixture of both 
types which is optically inactive. 

A crystal may be built up of one or other of the two active 
isomers—of dextro or laevo asymmetry. The corresponding 
hemihedral crystal is identified by certain simple marks— 
such as a particular face which slopes one way in one isomer, 
and the opposite way in the other, and by other indications! 
"These two classes of crystal differ only in their geometry—as, 
for example, the right hand differs from the left hand, or as a 
right asymmetric tetrahedron differs from a left asymmetric 

tetrahedron. Chemically, their composition and properties 
are identical. 5 

Let us consider some other properties in these optical isomers. 
The crystal form is only one of many ways in which the 
symmetrical or asy mmetrical arrangement of the molecules 

4. L. Pasteur, loe. eit., Nernst, Theoretical Chemistry, p. 88, 1911. 
and J. hi. Jaeger: Lectures on the Principle of Symmetry, ch. 7., 1917 

5. The identity persists so far as they are brought together with bodies 
which belong to the symmetrical class of compounds. But if the isomers 

are associated with other bodies of the asymmetrical class of compounds 
then their properties differ. 
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may be manifested. We know that certain physical prop¬ 
erties determined by the arrangement of atoms and molecules 
within the molecule, according as this is symmetrical or asym¬ 
metrical, may disclose themselves in the crystal; 6 as for example, 
by selective action of solvents on faces, which are attacked 
in different ways, by unequal development of the faces, by 
electrical polarization due to temperature and stresses, etc. 
If we operate by various physical contrivances on certain faces 
or edges of a hemihedral crystal, then we find a non-uniformity 
in the resulting reaction. The etched figures on the prism 
will be unsymmetrical, or different in character on the basal 
pl'anes. Changes in temperature and variations in applied 
stress will develop so-called analogous and antilogous electric 
poles on the crystal, and impressed electric charges will produce 
dilatation or deformation. 

Piezo-Electricity 

The same mechanism in asymmetric crystals which operates 
on polarized light to rotate the plane of polarization also causes 
a liberation of electricity when the crystal is elastically de¬ 
formed, or a dilatation when electric potentials are applied. 
This mechanism is found only in the hemihedral or hemi- 
morphous crystal, possessing either the asymmetric arrangement 
of the atoms in the organic molecule such as the tartrates, 
sugar, camphor, etc., or the asymmetric arrangement of the 
mineral molecules such as quartz, tourmaline, boracite, etc,/ 

H. and P. Curie 7 discovered the effect and proved that it 
was due directly to stresses, or changes in the applied stresses, 
rather than to changes in temperature which, under the name 
of “pyro-electricity,” had been known previously as a thermal- 
electric property of these asymmetric crystals; and the name 
“piezo 8 -electrique” was applied. Examples of piezo-electric 
crystals of the mineral type are shown in the accompanying 
Figs. 1, 2 and 3,—respectively tourmaline, boracite, and 
quartz. Tourmaline is hemimorphic hemihedral characterized 
by having uniterminal crystallographic poles, associated with 
different faces of the crystal, only alternate ones of which are 
developed. Boracite is a hemihedral tetra-hedron and rep¬ 
resents a cube having four alternate corners truncated. It will 

6. W. H. and W. L. Bragg, X-Ray and Crystal Structure, p. 146., 
J. M. Jaeger, loe. cit., p. 256. 

7. Compt. Rend. 91, pp. 294 and 383, 1880. 

8. Hankel, Abh. saeehs. Ges. d. Wiss. 12, 1881. 
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be noted that in both crystals there are so-called “sharp” 
and “blunt” ends or corners.* If the crystals be pressed 
between sharp and blunt poles, definite electrification of these 
poles results. If the pressure be released a reversal of the 
electric charge takes place. 

Fig. 3 shows a well-known application of the piezo-electric 
effect for measuring small charges. A blade of quartz cut 



l^iGi. 1 Tourmaline Fig. 2—Boracite 



Fig. 


A ' p f => L\EI> NOP HAL TO 

3 Indicating Preparation of the 


"optic” ^"electric” a*e.$ 

Quartz “Piezo-Electrique” 


rom e crystal as shown, and coated on its sides with tinfoil, 
or si vered, liberates electricity, the quantity of which depends 

, ir ^ C y 7 on we *ght which is suspended from it. An elec- 
n ca ion, with the object, for example, of balancing a charge 
on an e ectroscope, may thus be accurately “weighted out.” 
_ ls me °d is used in the measurement of ionization currents. 

tisn^Less^on yj° mpson ’ Elementary Lessons, in E'ectrieity and Magne- 
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The relation between pressure and electric charge for the quartz 
“piezo-electrique” as given by Curie is: 

Q = K~ P 

where Q = charge in e. s. u. 

K = piezo-electric constant = 0.0677 e. s. u. per kg. 

L = length of coating (normal to crystallographic axis) 
l = thickness between coatings 
P = weight attached in kilograms. 

Amongst many mineral and organic crystals investigated 
by the Curies and others, 9 the crystal of Rochelle salt was found 
to have the largest piezo-electric constant, approximately, 
10 e. s. u. per kg. Apparently no other crystal has yet been 
found to approach the piezo activity of Rochelle salt, par- 
cularly if the crystal is carefully chosen and specially prepared. 

In 1917 the Research Laboratories of the American Tele¬ 
phone and Telegraph and the Western Electric Companies 
commenced an inquiry into application of the piezo-electric 
effect. As an outcome of some of the experimental work 
performed, it was found that Rochelle salt was susceptible of 
greatly increased piezo-electric activity. An absolute electric 
charge of 200 e. s. u. per kilogram pressure has been obtained, , 
resulting in potentials as high as 500 volts and alternating 
currents measurable through a thermocouple. Acoustic tones 
from a crystal may be heard at a distance of several hundred 
feet. 

Briefly, the increased efficiency is brought about by the 
following conditions: 

1. Selection of particular habit of growth. 

2. Desiccation. 

3. Development of the crystal into a “composite” polar 
structure. 

4. Application of static compression. 

5. Use of electric poles normal to each other. 

6. Application of torque. 

Crystallography op “Composite” Rochelle Salt 

Rochelle salt 10 crystals are grown from perfect nuclei pos- 
sessing definite form. The nuclei or seed crystals are immersed 

9. See F. Poekels, Winkelmann’s Handb. d. Phys., Bd. IV., p.783. 

10. The chemical formula for sodium potassium tartrate is 
NaKC 4 H 4 0 6 .4H 2 0. 
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in a saturated solution 11 of the salt under identical conditions 
of temperature. The crystals may be grown by the application 
of temperature gradients to saturated solutions of the salt or 
by concentration brought about by its evaporation. The 
former producing a specific type under conditions of rapid 
cooling, is the method preferred. The crystal may be 
grown in the mother liquor by suspending from a clean 
thread, by flotation on mercury, or by being laid on a glass 



Fig. 4 Cybstal Grown by Suspen- Fig. 5—Crystal Grown Horiz- 
sion from Thread or Supported on ontally on a Plate or on 
Mercury - Mercury 

plate. The two last are the methods practised in our labora¬ 
tory. 

Fig. 4 indicates the general appearance of the Rochelle salt 12 
crystal. It belongs to the rhombic s ystem is hemihedral and 

, X1 ' A denslty of 1 ' 33 at 50 de g. cent, may be conveniently used and 
e see crystal, previously warmed to the same temperature as the 

,o r ’mT mld be applied between 38 deg. cent, and 35 deg. cent. 

, tf ' X “ s Rawing was made by Prof. H. P. Whitlock of the Amer. Mus. 
of Nat. Hist., New York. 
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enantiomorphic. It may be possible to classify crystal sur- 
aces into two systems of surfaces or zones which are normal 
to each other. One system of zones will be parallel with the 
principal or crystallographic axis c and will therefore engirdle 
the crystal. The other system of zones will comprise the two 
basal planes parallel with the a and b axes. In Fig. 4 the 
zones are shown, respectively, as vertical and horizontal sur¬ 
faces.. In practise, the crystals are grown with the c and b 
axes in a horizontal position as is indicated in Fig. 5. This 
growth forms a particular habit, becoming dominant along the 
c and b axes while development along the a axis upwards 
is partially suppressed on account of the supersaturation and 
consequent gradation in density of the liquor. 13 In obtaining 
seed crystals, generally from a previous cropping, we select 
those in which growth along the b axis is fully developed (which 
happens when the seed nucleus grows with its c and b axes 
horizontal). These seeds are square, or nearly so, signifying 
that the growth along the b axis is about as great as, or greater 
than, that along the caxis. 14 

On cooling rapidly, 15 the seed crystal will increase in size from 
a few grams weight to 50 or 500 grams, according to the volume 
and density of liquor used. An average size of crystal weighs 
100 grams and its axial lengths approximate 65mm. x 65mm. x 
25mm. The illustration, Fig. 6, shows a group of crystals of 
the habit displayed in Fig. 5. 

Crystals thus rapidly grown develop internal stresses pro¬ 
ducing strain regions symmetrical with the principal axis. 
The crystal acquires a composite structure 17 closely related to 
the surface zones referred to and to the electric poles to be 
developed as now explained. 

At each end of the seed-nucleus and along its c axis, there 
appears a pyramid, not always very pronounced in the nucleus 
itself, which forms a pola r terminal,—see illustration of crystal 

13. Lametherie,—La Genese de la Science des Cristaux, H. Metzger 

p. 187, 1918. ’ 

14. The thickness of the crystal along its a axis is generally 0.4 b; this 
dimension is a function of the density and head of mother liquor. 

15. Growth occurs principally during the first 12 hours, although it 
may be continued several days during the condition of super saturation. 

17. Mineralogists have termed this an ‘‘hour-glass” marking. The phe¬ 
nomenon is probably due to shearing strains set up by relatively greater 
contractions of the outer crystal envelops during cooling. 1 
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No. 612 in Fig. 7. The pyramids consist of stratifications 
normal to the c axis and to the rest of the crystal structure, 
the stratification of which ordinarily is parallel with that axis. 
The electrical performance of the crystal suggests that the 
crystal molecules throughout the pyramidal regions during 
growth are subject to forces which turn them, in planes con- 
taining the principal axis, through a right angle. This is in¬ 
dicated by the fact that the crystal, after subsequent treatment 
tending to render more pronounced these pyramid terminations, 
develops its electric poles 18 in accordance with the two systems 
of zones previously described. The poles are accordingly at 
right angles to each other. This signifies that the pyramids 
are electrically (-f - ) when the rest of the crystal structure is 
(-) and vice versa. The effect becomes very pronounced 
when the crystal is subsequently dried in alcohol and baked 

in an oven. 19 

Polarity and Crystal Dressing 

The raw untreated crystal possesses a large number of local 
electric poles which are variable in their piezo-electric effect. 
The desiccated crystal is much stronger 20 in effect and its 
electric poles are readily found in the case of the composite 
crystal to reside as described on the crystal surfaces with cor¬ 
responding signs, respectively, in the “vertical” and horizon¬ 
tal” zones. 

In order to prepare the crystal for piezo-electric use its 
exposed parts are painted over with special varnish, after which 
waxed tinfoil electrodes are pressed on the crystal as shown in 

Fig. 8. 

Sensitive Regions of Crystal 

Referring again to Fig. 8, it will be noticed that both basal 
planes of the crystal are filed slightly concave in the central 
or polar regions. The object of this is to render salient the 
four diagonal “horns” or ends of the basal planes, which are 
found to be the mechanically sensitive regions of the crystal, 
that is to say, the extreme outer edges parallel with the b 
axis. For the purpose of obtaining an efficient piezo-electric 

18. Plus and minus corresponding with the conventional analogous 
and antilogous poles. 

19. 90 per cent alcohol, 24 hours; 100 per cent alcohol 6 hours, oven at 
40 deg. cent, several days. This treatment reduces the weight 3 per cent. 

20. Aging and compression also improved them slowly. 
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action at least two of these four diagonal corners at one crystal¬ 
lographic pole of the crystal should be perfect and flawless, 
apart from the composite structure already described. 

Applied Stresses 

Analysis of the direction of applied stresses to the sensitive 
regions described has shown that, for the composite structure, 
a twisting couple about the principal axis excites “the great¬ 
est electrification of the crystal electrodes. This may be 
proved in a variety of ways both for small and large piezo¬ 
electric effects. One method is to prepare a crystal by dropping 
its poles into a pool of melted fusible metal, 21 and after the 




Fig. 8—Dressing op Crystal for the Girdle Orientation 

* 

crystal has recovered from a temporary paralysis due to the 
heating by the metal, connections should be made between the 
girdle pole and the metal poles with high impedance receivers, 
which will cause sounds produced by rubbing of the metal 
poles to be audible. It will be found that strokes applied so 
as to rotate the crystal about its c axis will sound much louder 
in the receivers than strokes applied in other directions. 
Similarly the electric charge measured by twisting the crystal 

21. Wood’s alloy fuses at 71 deg. eent. and Litowitz’s at 55 deg. cent. 
The crystal should be introduced just before the metal sets into a thin 
plate. w 
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is much, greater than the charges produced by applying axial 
or diagonal forces, not only for very reduced torques and 
stresses but for magnitudes of stress approaching saturation 
in the case of the axial and diagonal forces. In the case of 
torsion there exists the advantage of the couple, since the force 
is applied at a given radius from the polar axis. 

(a) The-Case of a Slab Cut from a Crystal. It may be men¬ 
tioned here that a plate cut from a homogeneous 22 crystal, with 
its electric or a axis properly normal to the c and b axis, is al¬ 
most insensitive to torsion, while the application of “diagonal” 
stresses, in accordance with Voigt’s 23 crystallographic classifica¬ 
tion, does not in our practise appear to be as successful even 
when comparatively clear slabs of crystals are used.. This 
may be due partly to the weakening of the structure in slicing, 
with consequent introduction of small flaws, and also to the 
difficulty of preventing in some degree the formation of the 
composite structure. When the uncut, whole crystal is twisted 
about its c axis so as to bend the a and b axes, component strains 
are developed along the principal axis as along the diagonals; 
but in view of the specific form of crystal and corresponding 
composite structure (of girdle and pyramids) presented, the 
resulting stresses set up in the crystal axes are very complex. 
Obviously the electric field is not as simple as in the case of 
two parallel plate electrodes. 

(b) Axial Compression. On plotting the relation between 
electric potential and various loads applied to the composite 
crystal, so as to bear on the diagonals simultaneously, we obtain 
the approximately quadratic curves shown in Fig. 9. We 
have, accordingly, found it advantageous to apply permanent 
static compression and qbtain thereby greatly increased effect. 
In view of the fact that the pressure is applied to the crystal 
at the limited areas of the top and bottom corners, in the basal 
planes, the crystallographic axis being vertical, it has been found 
that over a large range of size of crystal, namely between about 
30 and 500 grams, the value of the applied static pressure for 
maximum change in slope corresponds to an absolute force 
of approximately 15 kg. At this point in the curve a variation 
of applied axial force of 1 kg. will produce in a good crystal a 
difference of potential of 8 volts. Beyond this point, as shown 

22. A crystal will be practically isomorphic throughout when permitted 
to grow at a very slow and uniform rate. 

23. W. Voigt and E.,Riecke, Wied. Ann., 45, 1892. 
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in Fig. 10 24 , the curve becomes less steep. The static pres¬ 
sure may be applied permanently to the crystal without ap¬ 
parent fatigue. 

For experimental purposes the crystal is inserted in an ap¬ 
pliance we call a “spring compressor” which compresses the 
crystal to the necessary degree and at the same time forms 



PrG. 9 —Axial Compression Applied to “Horns” of Crystal (Aver- 

age Cross Section 10 cm.2) 

a convenient method for electrically connecting the polar 
electrodes, previously described. The spring compressors com¬ 
prise a pair of aluminium disks which are held together by 
stout steel springs. These are attached by eye-rivets to the 
lower plate, while thumb screws tighten the springs after a 
crystal has been inserted. The number o f turns of the thumb 

24. The curves in Fig. 10 show slight hysteresis or fatigue near saturation 
values of the potential. It will be observed that the deflections at release 
of load are much greater than those for compression, probably for the 
reason that the action may be effected more rapidly and consequently 
with less loss of charge. The cycle of operations taken for obtaining the 
curve is as follows: a load is applied to the crystal so as to compress it; 
this gives a deflection on the electrometer of a value, say b; then the crystal 
is short-circuited for a moment so as to give zero reading again (shown 
at c). On releasing the load the greater deflection d is produced (which 
is in the opposite sense when the instrument is polarized, as indicated in 
the upper curve). An adaptation of the Riehle machine was used for 
large values of compression. 
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screw may serve conveniently as a gage of the degree of com¬ 
pression after calibration. 

Fig. 12 shows the spring compressor with the dressed crystal 
properly balanced within. Any part of the metal structure 
will readily convey jars and vibrations to the crystal. If this 
crystal transmitter .be laid on a large sheet of paper and re¬ 
ceivers be applied to the electrodes, it is quite easy to hear gentle 
rubbing of the paper and the tick of a watch—transmitted 
along the paper to the crystal. 

Torsion. As previously described in connection with the 
fusible metal poles melted on the crystal, it is probable that the 

E 



Fig. 10—Applied Axial Stress 

compressed crystal receives and responds to components of 
forces in both axial and twisting senses. In order to analyze 
the relative motions of the crystal it was simple to reverse the 
crystal action by applying alternating potentials at different 
frequencies to the crystal electrodes and discover from the 
various modes of vibration of the crystal their relative magni¬ 
tudes. A special microphone was applied to a crystal pole 
in various positions with respect to the crystallographic axis. 
The microphone, being in a local battery circuit operating a 
thermocouple, was actuated by the dilating crystal when the 
constant alternating potentials of various frequencies were 
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applied. The resulting measurements showed conclusively 
that the crystal twisted or moved the microphone button to 
the greatest degree when the axis of the microphone was at¬ 
tached tangentially to one of the crystal poles. The motions 
applied to the microphone were much smaller when they were 
diagonal or axial in character. 

The relation between piezo-electric charge and torsion is 
linear, see Fig. 11, and is given by 
Q = KFL 

where K = 100 for several crystals tried 
L = lever arm in cm. 

F = force in kg. 

Q = charge in e.s. units. 

The constant for potential in volts, produced under similar 
conditions, is: K' = 12. 



Fig. 11—Electric Charge Obtained 
when Torsion is Applied to Crystal 



Fig. 12—Assembly 


A right-hand torque determines the same electrification that 
is produced by subjecting the crystal to tension. If steady 
potentials be applied to the crystal the torsion is given, in 
one case, by 

10 -5 radian per volt (crystal 7 cm. long) 
while expansion parallel with the crystallographic axis (c) is 
2 X 10- 9 cm. per cm. of length, per volt and is independent of 
applied pressure. 

(d) Alternating Effects. If we apply rapidly alternating 
stresses to a crystal it becomes a generator of electrical oscilla¬ 
tions, and we may use it as a detector of vibrations of sound, agi¬ 
tating it, for example, by a watch tick, a moving phonograph 
record, or by speech. If the crystal be tapped, an oscillogram 
shows that such an impact generates trains of electrical oscilla- 
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tions pec uliar to the resonant frequencies of the crystal. Fig. 
16 indicates trains of oscillations of 300 and 2000 cycles. A 
crystal used on a phonograph record will generate several volts, 
with sufficient power to operate a very large number of tele¬ 
phone 25 receivers. 



Fig. 13 —Phonograph Fig. 14 —Phonograph 

Transmitter Transmitter 



Fig. 15—Crystal Trans¬ 
mitter or Receiver 


Fig. 16—Effect of Tapping a Crystal 
Indicating Impact Oscillations, of 
330 Cycles and 2000 Cycles 


Applications 

Again, to operate effectively, the crystal applied to the phono¬ 
graph is subjected to torsional vibrations. Figs. 13 and 14 
indicate the housings employed. By means of the usual needle, 

25. As many as 200 receivers of 12,000 ohms each have been operated 
from one crystal. 
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vibrations are imparted to a light plate under the crystal. 

In Fig. 13 elastic bands are shown compressing the plate against 
the crystal. 

Sound Transmitter and Receiver. Since, with these composite 
crystals, a given force produces the greater piezo effect when it 
is applied in such a way as to twist the crystal about its princi¬ 
pal axis, and conversely, an applied electrical force produces 



Fig! 17 —Capacity, Current and Conductance Curves for Crystals 

the maximum mechanical response in the form of twisting 
motion, it is apparent that whether we are interested in pro¬ 
ducing electrical or mechanical results from the crystal, the 
diaphragms should be so attached as to make maximum use 
of the torsional effect. 

One way is to apply a cylindrical diaphragm so as to surround 
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the crystal, and to attach the cylinder by means of rings to 
the compressor plates which hold the crystal. By screwing 
one of the rings over one of the compressor plates the cylindrical 
diaphragm itself becomes twisted into diagonal corrugations 
stretched tightly across the crystal poles. This construction is 
shown in Figs. 15 and 20. The “diaphragm” should be made 
of a strong light material like gold beaters’ skin or bond paper. 
When aerial tones strike the diaphragm and actuate the crystal 
as a transmitter, the resulting vibrations reach the crystal 
body through the poles and corresponding electrical oscilla¬ 
tions are generated. Singing against the diaphragm, near 



Fig. 18—Circuit for Crystal Transmitter 


resonance (the fundamental may lie between 200 and 600 
cycles), will generate about 20 microamperes of current or 
produce 15 volts on open circuit. A clap of the hands near 
the transmitter will excite trains of oscillations in an oscillo¬ 
graph similar to the curves shown in Fig. 16. A circuit for 
the crystal transmitter is indicated in Fig. 18. 

If the crystal receiver, as described, is used with a micro¬ 
phone transmitter and the potential is stepped up to the 
crystal with a transformer as is shown in Fig. 19, very strong 
acoustic effects may be obtained as a “loud speaking” crystal 
receiver. 

Crystal Transmitter and Receiver in a Line. With the aid of 
the vacuum tube amplifier, good transmission of speech and 
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music may be obtained by using the piezo crystal at both ends 
of a line as sole transmitting and receiving apparatus. 

Some Electrical Constants. The crystal may be considered 
as a leaky condenser having a shunt resistance in excess of 100 
megohms. The ohmic resistance is several times greater from 
the analogous to the antilogous pole than it is in the reverse 
sense. There is however, no evidence Tof current rectification. 

* te L 


microphone: 

transmitter 





CRYSTAL 

RECEIVER 


Fig. 19—Circuit for Crystal Loud Speaker 

The capacity varies with size and may be as great as 10~ s F. 
in a good crystal. It is usually 10~ 9 F. Its impedance at 
acoustic frequencies varies from 100,000 ohms to 300,000 ohms. 
Fig. 17 indicates that these properties depend on the frequency 
of the applied e. m. f. From these curves 26 the so called “mo¬ 
tional impedance” of the crystal may be found in the same 
manner as the motional impedance of an ordinary telephone 

26. Made by B. T. Hoeh, Physical Lab., Western Electric Co. 
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receiver 27 which, as is well known, gives the resonance character¬ 
istics of the diaphragm. In the case of the crystal the dilata¬ 
tions reach certain maxima where the applied frequency of the 
alternating potentials (of constant amplitude) coincides with an 
elastic natural frequency of the crystal. At this frequency, 
the apparent capacity passes through the greatest change in 
value—from maximum to zero or negative values, depending on 
whether the crystal response, as a generator, is in phase or out 
of phase with the applied potentials. The impedance decreases 
to a minimum at resonance as indicated by the conductance 
curve. 


Conclusion 

Curie’s law that the electric charge generated by a crystal 
is, for a given force, independent of the absolute dimensions 
seems to be well borne out in the variety of crystals discussed 
in this paper. There is a best shape of crystal which we have 
already considered. 

Very small crystals are generally less effectively rendered 
"composite” on account of the relative absence of the stresses 
during shorter growing periods. Hence they are generally 
less efficient when mounted as described. On the other hand, 
properly articulated crystals may be grown far larger than is 
necessary for effective operation. For example. Fig. 7 shows 
an illustration of a crystal weighing 910 grams. It is difficult 
however, to prevent cracks and flaws taking place before the 
large crystal has been effectively cured and hardened. 

It has been noticed that the crystals improve with t im e, 
particularly when they are first made. Moreover, when they 
are paralyzed by being baked at too high a temperature they 
slowly recover. Drying out is probably one cause of this 
improvement and also realignment or recrystallization of dis¬ 
turbed portions of the crystal molecules. 

It may be said that the crystals, after several months’ use, 
or non-use, reach a very steady operating condition in which 
their activity seems to be permanent, especially for alternating 
effects where weather conditions have negligible action on 
sensitive apparatus associated with the crystal. As regards 
general efficiency and comparison with known apparatus like 
the carbon transmitter and the electromagnetic receiver, it 
should be said that the microphone is more sensitive than the 

27. A. E. Kennelly, Proe. Amer. Acad. Sc., 1912 p. 114. 
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crystal transmitter. The microphone with its associated local 
battery gives out more energy than it receives and hence con¬ 
stitutes an amplifier; while the crystal at present tr ansla tes 
only that portion of the energy applied to it which affects its 
mechanically sensitive regions. 

The efficiency of the crystal receiver compares favorably 
with the electromagnetic receiver for equivalent resonance 
conditions. It is not improbable that other crystals of or¬ 
ganic constitution, i. e., of molecular asymmetry, maybe found 
whose piezo electric activity may exceed that of Rochelle 
salt. So far very little is known about the electrical and me¬ 
chanical orientations set up in other crystals capable of de¬ 
veloping the composite structure described in this paper. 
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such carefully grown crystals as we were able to develop do 
not seem to offer the same electrical and mechanical qualities 
which are readily obtainable in the composite type of crystal. 

J. P. Wintringham : It might be well to give a few minutes 
to the essential crystallographic elements. Crystals are 
divided into classes by the more or less regularity and sym¬ 
metry of their geometrical forms. All other qualities, mechan¬ 
ical, optical, electric, etc., are governed by the degree of 
symmetry or regularity. There are only three unit funda¬ 
mental forms, the cube whose symbol is 100, and its faces are 
called the faces of a cube or if taken in pairs pinacoids. The 
three figures refer to the three geometric axes and the one 
permuted through the three places 100, 010 and 001 indicates 

three of the faces, minus one gives the other three faces 100 
010 and 001 or total six of the cube. 


The second form is the dodecahedron (110) with 12 sides 
as the permutation of the symbol shows. Its faces taken in 
sets parallel to one axis are called prisms of which the most 
important is the vertical prism. 

. The third form is the octahedron (111) with eight permuta¬ 
tions, one for each side. To the unit fundamental forms may 
be added four more when some other figure is taken in place 
of the one. All other of the 1000 or so forms are made by 
combinations of two or more fundamental forms, or and this 
is the important point in this connection, part of the faces of 
a fundamental form may not appear and we may have only 

half or a quarter of them 34(100), 34(110) &c., the brackets 
implying a full set of faces. 


It is evident that you cannot make a complete figure with 

°ri • i j ° ^he faces of a cube but the octahedron works out 
all right. 

It may be described as a four sided pyramid on top with an 
inverted four sided pyramid below base to base. The vertical 
or c axis goes from the top apex to the bottom one. Two 
opposite top faces may be extended together with the two al- 
ternate lower faces to make a figure with only four faces, the 
tetrahedron The c vertical axis remaining in its place goes 
from the middle of the top edge to the middle of the edge below. 

di tv g . rea ' t d eal of the former symmetry has 
fn Mr KWic T > hl p 1S wf asymmetry that is to be noted 
j ‘ s Rochelle salt crystals. It may be said to be 

vLf£oi f th ^ ee P f air ° f pi T ac0ld (° r cube) faces with a number 

1 ? face n J- Nc r e of fbese is significant. What 

s significant jis a small face just bevelling the top front edge 

ca.^e o —111 which should appear on the left or another 

v r p, 1 ^bich would appear on the right. They are the faces 
of a tetrahedrons or bisphenoids half forms 

plan\?e^on Jand n n d i hem / n his i wo drawin S s > Fig. 4, in the top 
plan the long and narrow faces that are not cut by a and b axes. 
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in the lower drawing the c axis seems to go through one of 
them. 

Crystals are divided into 32 classes of which 20 might show 
piezo-electric effect. 

A. W. Hull: I anticipate it would be perfectly easy to 
show the results of stress. The relative displacement of atoms 
will be accurately registered, but as they are exceedingly small 
it would require very fine measurements to show them. 

Irving Langmuir: From the outside dimensions of the 
change of shape, etc., of crystals under the influence of an 
electrical field or mechanical stress, you could not calculate 
the changes in the orbs, the arrangement of the atoms must 
still be the same, and even without distortion you could cal¬ 
culate them? What about the changes in the distance be¬ 
tween the atoms? 

J. E. Schrader: Dr. Hull states he has not made any 
experiments on metals under stress, containing crystals such 
as mica or quartz. Cannot we get some information about 
polarization arid absorption? 

A. W. Hull: I would like to qualify somewhat the answer 
I gave to that problem. I have not the slightest doubt but 
that we can get excellent information regarding strains from 
X-ray analysis. The strains we actually produce are of such 
magnitude that we can measure them mechanically on the 
outside of the crystal, and the ease of measuring them inside 
is greater. By means of the photographs I showed, it is easy 
to measure the distance between atoms to one part in fifty 
thousand. 

The measurement of elastic coefficients, temperature co¬ 
efficients of expansion, and densities are extremely easy by this 
method. The relative ease of the measurement of density 
in a substance by X-rays as compared with the ordinary 
method is so remarkable that it is worthy of attention. Den¬ 
sity measurements to one-tenth of a per cent can be made in 
about four hours,—that does not mean four hours of personal 
work—the tube runs by itself and the analysis requires less 
than an hour. 

D. MacL. Therrell (by letter): Simplified and reduced 
to its lowest terms the paper by Morecrof t and Friis covers the 
use of the vacuum tube, pliotron, or audion for the purpose of 
generating an alternating current from a variable direct current. 

Some years ago, while conducting a series of experiments 
in_ an effort to improve the constants of the telephone trans¬ 
mitter circuit, and avoid the evils of core saturation and 
transformer or induction coil losses, I discovered a means for 
deriving an alternating current from a direct variable current, 
which is identical with the use of the pliotron vacuum tube or 
audion, as described by Messrs. Morecroft and Friis. 

By bridging a low resistance coil of high inductance across 
the terminals of the variable resistance element, or transmitter 
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electrodes, and^ placing the load, or primary winding of the 
induction coil, in series with a condenser of suitable capacity 
in shunt around these points, or terminals, whose potential 
varied as a function of the resistance of the transmitter elec¬ 
trodes; I. found that an alternating current corresponding 
exactly with the impressed voice component of the variable 
direct current was generated in the derived or shunt circuit 
through the primary coil by the charging and discharging of 
the condenser in circuit. 

The discovery was later used and disclosed by me for the 
purpose of generating alternating currents in the primary or 




Fig. 1 Therrell “Autostatic Generator” 


primaries of a transmitter circuit so that resonance or partial 
resonance might be obtained for the essential or desired fre¬ 
quencies to be transmitted. 

Both the discovery, of what I term the “Auto Static Genera- 
tor, and this particular application which permits of t unin g 
or he sinusoidal component of the variable direct current 
was a distinct and novel step in the art. 

The importance of this device was clearly foreseen and 

the^S? fl! y fi? Ve -A C t an ? m la i in \ ed in U ‘ S - P ate nts issued to 
the writei for the Art of Telephony.” 

nr-nlia arrangement was also described by me in an 

wifakn W? World, page 1344, June 30, 1906. It 

at l6ngth “ a s f ial article by J. J. Goodwin, 

SSffl? m American Telephone Journal ’ 

ed i tori at! -f? a k. 6 * SSU f t^ e Editor, Franklin H. Reed, commented 
editorially m part as follows: “The device by which the 

primary current is made alternating in character in order that 
the requ red condition of resonance m y beobtainedWe- 
sents a distinct and novel step in the art.” ’ repre 

statVip^S^r® referr , ed t° the circ ait coupling or auto 
static generator is shown under three equivalents as indicated 
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at (A) ( B ) and (C) of Fig. 1, herewith, which it will be seen is 
identical with the vacuum tube or audion arrangement of 
Messrs. Morecroft and Friis as described in connection with 
Fig. 1 of their paper. 

A simplified but exact equivalent of Fig. 1, is herewith shown 
as Fig. 2, in the usual symbols. This circuit is now seen to 
be identical with the “Auto Static Generator” arrangement 
disclosed by me in 1904, as will be most apparent to any one 
comparing the figures herewith. 

The filament and plate in Fig. 2 are equivalent to the 
microphone in Fig. 1. The alternating-current generator and the 
grid are equivalent to the acoustical means for varying the 
resistance of the microphone in Fig. 1. The rest of the circuit is 
identical in every element and function and detail. 

In this connection it is also pointed out that my “Auto 
Static Generator” circuit is used in the Goldschmidt alternator 



S 

Output 
Transformer 
or Load 


Fig. 2— Audion Adapted to Therrell “Autostatic 


Generator” 


for wireless and radio telephony as recently disclosed in 
'The Principles Underlying Radio Communication," issued 
by the Bureau of Standards, pamphlet No. 40, page 162. 

Among the claims granted to me on the "Auto Static" de¬ 
vice, in the patents above mentioned are the following: 

/The method of producing' an alternating current in the primary coil 
which consists in placing the primary coil and a capacity in a derived 
or shunt circuit between points whose potential varies as a function of 
the transmitter diaphragm, whereby an alternating current is caused to 
flow through the said primary coil due to charging and discharging of 
the said capacity as the potential varies across the terminals of the said 
derived shunt circuit.” 

Likewise the apparatus case covers: 

“Means for generating alternating currents in a circuit derived from 
the transmitter circuit and containing the primary coils of a plurality 
of transformers.” 

Also the generic claim for: 

“Means for generating alternating currents inabranch of the transmitter 
circuit containing the primary coiV' 

Likewise the following generic claim covering the tuning of 
the transmitter or primary circuit for any frequency to be 
transmitted: 

“The step in the art of Electrical transmission and reproduction of 
sound, which consists in making the terminal transmitter circuit, or 
circuits, wholly or partially resonant for the essential frequencies to be 
transmitted, thereby increasing the efficiency of transformation and 
the energy transferred to the secondary circuit.” 



1492 


PIEZO ELECTRIC EFFECT 


I October 10 


When it is considered that the vacuum tube, with its input 
excitation of any kind, is equivalent to the ordinary telephonic 
transmitter, the scope of these claims is readily obvious and is 
clearly seen to cover broadly every use of the Audion, Pliotron 
or vacuum tube for the purpose of generating an alternating 
current or of preventing a direct current from circulating 
through the windings of the output transformer. 

Of course I am aware that the right to a patent on improve¬ 
ments involving the use of prior devices or inventions, does 
not necessarily carry with it the right to proceed under such 
a patent free from domination thereof by patents on the prior 
devices or inventions. 

I am, therefore, now merely calling attention, in the in¬ 
terest of historical accuracy, to the fact that the use of the 
vacuum tube, pliotron, or audion, or other device, for the 
purpose of deriving, or generating, an alternating current from 
a variable direct current, or its equivalent, in telephony, 
wireless telephony and telegraphy, is an abridgement of and 
an infringement upon my rights as covered by the generic 
patents above cited; and this, statement is made without 
prejudice to any of may statutory rights involved. 

John H. Morecroft: The comments of Mr. Therrell on 
our paper on vacuum tubes adds nothing to the theory or ex¬ 
planations advanced regarding the operation of the device, 
and is of interest only to those engaged in patent litigation. 

The question which Mr. Taylor asked, regarding the possible 
mechanical strains due to piezo electric forces, was not answered 

■D-f - Nicolson; I believe he has made no determination of 
this phase of the question. The piezo electric effect in quartz, 
which I have investigated to some extent, gives one a very 

vivid idea of the tremendous strains which the action may call 
into play. 

If a rectangular piece of quartz, in the form of a thin slab, 
is properly cut from a good crystal, it may be made to actually 
pull itself into two pieces by these piezo electric forces. The 
aces of the slab should be parallel to one of the electric axes 
of the crystal,, and the long edges should be perpendicular to 
the optical axis of the crystal. A typical piece, for example, 
might be one eighth inch thick, two inches long, and about one 


Pieces of tinfoil, nearly the size of the faces of the slab, are 
then shellaced to the two faces, and allowed to dry. If this 

S n s a S 18 considered as a rod its fundamental period of 
vibration (longitudinal) may be calculated to be about 50,000 

bwL P nL S ! C T d ; ls t if t 1 he s . lab were struck a sharp 

freoueupv 6 TW W ° U - d susta ™. longitudinal vibrations of this 
frenue^v ^°i P l e - es ° f tmf( ? 11 are connected to a high 

h P T™Sv 3 • f f ®, ctnc n power > the frequency of which may 

mrwf SfvS adjusted . : a ar 2 e vacuum tube oscillator is the 
most suitable source of power. If the frequency of the alter- 
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nating e. m. f. is now varied until it is exactly the same as the 
natural period of the slab the slab will actually pull itself 
into two or more pieces after the e. m. f. has been applied for 
not more than a second or so; in general the slab will break 
itself into two nearly equal pieces. 

It might well be conceived that the rupture of the quartz 
was -simply a case of dielectric breakdown, due to excessive 
potential gradient through the quartz; that such is not'the case 
is evident when the voltage required for rupture is considered. 
A piece one eighth inch thick may be ruptured by about three 
thousand volts; the dielectric strength of the quartz is perhaps 
ten times this amount. Moreover if the same voltage is im¬ 
pressed on the quartz, at a frequency differing from the critical 
one by as little as one-half per cent the slab will “stand up” 
indefinitely. 

In general this test is best carried out with the test piece 
submerged in oil, preferably a light one, such as kerosene. 
The voltage required in the test will cause corona and leakage 
if the test is carried out in air, and these two effects tend to 
heat the quartz and so reduce its dielectric strength. 

I have been successful in rupturing pieces as short as one-half 
inch, the required frequency in this case being of the order of 
200,000 cycles per second. 

When one considers the high tensile strength of a piece of 
clear quartz crystal it is evident that these piezo electric actions 
do bring into play very large mechanical strains indeed. 
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A REPORT ON ELECTROMAGNETIC INDUCTION 1 


BY S. J. BARNETT 


Abstract of Paper 

This report discusses briefly the chief fundamental results 
obtained from the days of Faraday to the present time in 
studying the electromotive forces ordinarily referred to the do¬ 
main of electromagnetic induction. ' 

Self-induction is first taken up, and the phenomena of self- 
induction are treated as essentially identical with the phenomena 
of inertia in dynamics, according to the idea of Maxwell and 
the idea originally accepted by Faraday. The only recent 
fundamental progress has been in studying the inertia of free 
electrons and other ions, and experiments on this subject are 
referred to. 

- The motional electromotive force, developed when matter 
moves in a magnetic field, is next considered, and is derived 
from Ampere’s law on the electron theory. Especial attention 
is devoted to the motional intensity, and the resulting electric 
displacement, in insulators, of which nothing has been known 
until recent years. 

The induced electromotive force in fixed conductors and in¬ 
sulators arising from the motion or alteration of other systems is 
next considered, and is expressed both in terms of magnetic flux 
and in terms of the general vector potential, which refers the phe¬ 
nomena back to the motion of electrons without the magnetic 
field as intermediary. The relations between the induced and 
motional electromotive forces are discussed, as well as the rela¬ 
tion of the electric displacement produced in certain cases to the 
hypothesis of the fixed ether. 

The report closes with a treatment of unipolar induction in 
both so-called open and closed circuits, including brief de¬ 
scriptions of some of the principal experiments, a discussion of 
the theories involved, and their application to the unipolar 
generator. 

1. IT is unnecessary to emphasize the great importance of this 
A subject alike to the physicist and to the engineer. The 
world of the physicist is rapidly becoming fundamentally an 
electrical world, in which a vast part is played by electro¬ 
magnetic induction; and without electromagnetic induction the 
world of the electrical engineer could scarcely be considered 
even to exist. 

The general field of electromagnetic induction has become 
very broad, and it will be necessary to restrict this discussion 

1. For references see end of paper. 
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to fundamental matters, and from among them to select for 
consideration only electromotive forces and electric displace¬ 
ments, and these only in stationary or quasi-stationary sys¬ 
tems. Important, related subjects such as the transfer of 
energy in the electromagnetic field according to Poynting and 
Heaviside must be excluded. Even the principle of relativity 
can scarcely be more than mentioned. 

To a very remarkable degree our knowledge of the funda¬ 
mental facts and principles of electromagnetic induction is due 
to Michael Faraday. Most of the progress made by others 
has consisted in increasing the precision of his measurements 

and in developing ideas which originated in less perfect form 
with him. 

2. The. principal experiments of Faraday and his contem¬ 
poraries in the field of electromagnetic induction may con¬ 
veniently be grouped in four divisions, as follows: 

I. Experiments in which the agent producing the magnetic 
field remains fixed to the earth and the conductor or insulator 
under examination moves. The electric intensity and electro¬ 
motive force m the body due to the motion have been called 
the motional intensity and e. m. f. by Heaviside. 

II. Experiments m which the body under examination re- 
ams fixed to the earth, and the agent producing the magnetic 

tetitvTd °; lts f eIectr i c c r ent changes - The 

tensity and e. m. f. produced under these circumstances will 
be called the induced intensity and e. m. f., although these terms 
are often applied also to the motional quantities 
.According to the Einstein principle of relativitv no di<= 

int^isitie^a^onl* 6 1 batWeen the motion al and’ induced 
determined m ° tion ° f two bodies can be 

III. Experiments on unipolar induction strWhr i 0 i„„ • 
venSnced 1 *** U ’ bUt t0 be considered separately for con- 

IV. Experiments on self-induction. 

Jl™ gT( fP’ on self-induction, will be considered first 
When a steady electromotive force is aonlieH ^ f 

current increases from zero untifa st ea dv v fl l P™**? 
when the counter e m f v. • + • ^ value is reached 

emf arnifk ■. * * .* distance just balances the anolied 

* in. i. and the electricity therefore ttiovpq i 

thec TO e„t to zero «^»*»• 
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Referring to the phenomenon of self-induction, Faraday 
says "The first thought that arises in the mind is that the elec¬ 
tricity circulates with something like MomCtitum or inertia in 
the wire/' This idea, however, he soon gave up, but for in¬ 
adequate reasons, as shown by Maxwell, whose treatment of 
the subject is based entirely on the idea of inertia. To set 
electricity into motion an e. m. f. is required just as a force 
is required to accelerate matter; and to bring electricity in 
motion to rest an opposing e. m. f. must be applied, just as an 
opposing force is required to reduce the velocity of a moving 
body. In strictness it is quite as improper to speak of an 
"electromotive force of self-induction" as of a "force of inertia" 
in dynamics. Failure to realize this has given rise to a great 
amount of confusion in electrical literature. 

The fundamental self-induction relation in electric circuits 
is that of Faraday and Neumann: To alter the current in 
an electric circuit, and therewith the corresponding magnetic 
flux, an e. m. f. equal to the rate of increase of the flux must 
act in the circuit. 

While a vast amount of progress has been made in measuring 
the quantities involved in self-induction and in studying the 
relations of other phenomena to those of self-induction, it 
appears that the only really fundamental progress made since 
the early days has come from studying the behavior of free 
electrons and other ions accelerated by electric and mag¬ 
netic fields. Well-known experiments by J. J. Thomson, 
Kaufmann, Bucherer, Hupka and others have yielded import¬ 
ant information on the constitution of the electron and of 
matter; but it is unnecessary to do more than mention these 
experiments here. 

Along with these experiments should be mentioned the ex¬ 
periments suggested by Maxwell 4 on the electric displacement 
produced in conductors by their mere acceleration. If a con¬ 
ductor is accelerated, since some of the electrons or other ions 
are free, an electric displacement would, in general, be ex¬ 
pected to result. 

Such effects in electrolytes have been observed by Colley, 5 
Des Coudres, 6 and others; and after having been looked for in 
metals by Maxwell, E. F. Nichols, 7 and Lebedew s have been 
observed and carefully measured in a beautiful investigation 
by Tolman and Stewart. 9 The behavior of the electricity in 
a circular coil of wire which has been rotating about its axis 
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and is quickly brought to rest as in these experiments, is very 
similar to that in a coil which has been carrying a steady current 
when the applied e.m.f. is reduced to zero without altering the 
resistance. 

4. Faraday’s experiments of group I. on conductors prove 
that when a rigid circuit moves in a fixed magnetic field there 
is produced around it an e. m. f. equal to the rate of diminution 
of magnetic flux through it, or the net rate at which it cuts 
across magnetic flux, with proper respect to signs. The two 
statements are equivalent, since tubes of magnetic induction 
are always closed. The second form is the more funda¬ 
mental, as will be evident from what follows. 

Similarly, the motional e. m. f. along any part of the circuit, 
or any line in any conductor moving in a magnetic field, is 
equal to the rate at which it cuts across magnetic flux. 

On the electron and ionic theories of matter this is accounted 
for by the Amperian force 

F = e[vH] (l)io 

which acts on any electrified particle of the matter with charge 
e moving with velocity v in a field of strength H. For this 
gives a motional intensity, or force per unit charge, 

/ = F/e = [ V H] ( 2 ) 

The integral of this intensity along any path in the conductor 
gives the result stated above. 

Every experiment made since Faraday’s time has confirmed 
this result. The most precise experiments are probably those 
which have been made in determining resistances in absolute 
measure by the method of Lorenz. 11 

In certain cases where different magnetic fields are superposed 
care must be taken to use for H in (2) the intensity of the field 
due to the fixed circuits or magnets with reference to which 
V is determined. An interesting illustration is that of an in¬ 
sulated wire inside a coaxial iron tube moving together with 
the wire across an (originally) uniform magnetic field due to 
fixed circuits or magnets. The e. m. f. developed in the wire 
is precisely the same as if the tube were absent, although the 
(resultant) field within the tube is greatly weakened by its 
presence. Since the tube moves with the wire the field due 
to its magnetization is not effective. 

5. If non-conducting matter also is electrically constituted 
an moves m a magnetic field, each moving electrified constitu- 
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ent must, as in the case of a conductor, be acted upon by a 
force in accordance with (1), and thus by the motional intensity 
/given by (2). 

Similarly, if the ether is electrically constituted, and if it 
moves in a magnetic field, it also will be the seat of a motional 
intensity given by (2). 

The motional intensity will act to produce opposite displace¬ 
ments of the positive and negative constitutents of insulators 
as well as of conductors. This will, in general, give rise to an 
electric field, and the intensity E of this field will act on all 
electrical media which the field contains, whether at rest or in 
motion. 

If both the ether and the matter which it permeates move 
together, as they do on the theory of Hertz, 12 both intensities 
act on both substances. But if the ether remains fixed, and 
the matter which it permeates moves through it, as on the 
theory of Lorentz 13 , the intensity / acts on the matter only, 
while the intensity E acts on both ether and matter. 

The motional intensity /, being equal to [v H ], is entirely 
independent of the nature of the moving substance provided 
only it has an electric constitution. 

6. Referring to the matter of motional displacement, or 
electric displacement produced by the motional intensity, and 
to the displacement produced by the induced intensity, in 
insulators, Faraday says 14 , “I have long thought there must be 
a particular condition of such bodies corresponding to the state 
which causes currents in metals and other conductors; and 
considering that 1 the bodies are insulators one would expect 
that state to be one of tension. I have by rotating non¬ 
conducting bodies near magnetic poles and poles near them, and 
also by causing powerful electric currents to be suddenly 
formed and to cease around and about insulators in various 
directions, endeavored to make some such state sensible, but 
have not succeeded. Nevertheless, as any such state must be 
of exceeding low intensity, because of the feeble intensity of 
the currents which are used to induce it, it may well be that the 
state may exist, and may be discoverable by some more expert 
experimentalist, though I have not been able to make it 
sensible.” 

7. An imaginary experiment on this subject and unipolar 
induction combined was described by Poincare in 1900 15 . But 
the first actual experiments after Faraday appear to be those of 
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Blondlot in 1901 on air 16 . In 1902 I began an investigation 
which included experiments on ebonite, sulphur, and rosin, but 
the work was not completed until 1908 17 . In the meantime 
H. A. Wilson 18 published an investigation on ebonite. 

The essential theory of all these experiments can be given 

very simply. Consider an insulator in the form of a hollow 

circular cylinder with dielectric constant K rotating uniformly 

about its axis in a uniform magnetic field with intensity parallel 

to this axis. Suppose the inner and outer surfaces of the 

cylinder covered with conducting armatures of negligible 
thickness. & 


Let the number of revolutions per second be denoted by n, 

the magnetic flux across a right section of the space between the 

cylinders by <p, the capacity of the cylindrical condenser so far 

as it depends on the field between the armatures by K C the 

J, aP r a “ ty de Pendent on the field between the outer armature 

(together with any fixed conductors attached thereto) and the 

surrounding conductors, connected by a brush to the inner 
armature, by C'. ue 

Let J denote the dielectric constant of that portion of the 

ether remIh!ffi m °7 eS ; matter alone rotates while the 

etner remains fixed, J = K — 1 Tf 0 fi,^ . 

i — jr Ti? j_-i J 11 the ether also moves, 

. - A. It the ether rotates alone, J = 1. It i s clearlv 

remain fixed or move * ^ whlch cut no flux, 

f ^“ dGr 'f S6t mto rotation the motional intensity 

^ , , tional e.m.f. & = n <p will act radially let us ssv 

outwardly for definiteness, on the portion nf t l ^ T? 
which moves g. • portion of the dielectric 

n moves, the electric separation produced in this - n 

S t el d“"aS:i, riS810 ? ^ 

and in which th ere t aZlS ?^ Cy ‘ inder 

the outer arms hZ V. X P ° tentiaI difference V directed from 

armoH + ^f ture to the inn er armature, and from the outer 
armature to the surrounding conductors. 

if any! w U If" C ° nd r° r “ d its ««ions, 

inner conductor and its connertfo!!'’ * TW maulated from the 
three parte superposed: ‘ Thls 'harge consists of 

1- A charge q, = _ n ^ j c 

on the inner surface; (3) 

2* A charge q 2 = K C V 

on the inner surface; (4) 
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3. A charge g 3 = C' V ( 5 ) 

on the outer surface and any conductors connected therewith. 
Since 

Qi + qi + q 3 = 0, we get, if q 2 + q 3 = q 4 , 

Hi — (K C + C") V = n cp J C — — qi (6) 

In Wilson’s experiments and my own, hollow insulating 
cylinders were used, and the experimental processes (consider¬ 
ably different in the two investigations) were equivalent to 
measuring q A , n, <p, and C and therefrom calculating J, which 
was found equal to K - 1 within the limits of the experimental 
error. 

In Blondlot’s experiments a parallel plate condenser (a 
special case of a part of a hollow cylinder) was used, and a swift 
stream of air was sent between the plates while they were con¬ 
nected together by a wire at rest, thus making V zero and 
leaving the motional e. m. f. W to act alone. The connection 
between the plates was broken when the velocity of the air 
stream was a maximum, and the quantity q 1 directly measured. 
It was found to be zero, thus showing that J = K - 1, since 
K for air and ether together is practically unity. 

All these investigations thus confirm the theory of Lorentz, 
according to which the ether is at rest. The results would be 
identical if there were no ether. 

9. The field inside the rotating cylinder is of great interest, 
but can be discussed here for a few cases only. The solid 
cylinder rotating about its axis and the parallel plate moving 
parallel to one surface are particular cases of the hollow 
cylinder. 

(1) First suppose the ether to be at rest and suppose the 
thin armatures either not existent or else disconnected from all 
other conductors. 

In this case the total electric displacement D at all points of 

a cylinder of any radius r~> r x (radius of inner surface) < r 2 

(radius of outer surface) coaxial with the surface of the insula¬ 
ting cylinder is 

0 = D = j (K-l)f + KE\ 

= {KE + (K~1) a Hr] 


( 7 ) 
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where co =2 r n. Hence 



K- 1 , 
K 1 


K- 1 
K 


wHr 



There is no intensity of either kind inside the inner cylinder or 
outside the outer cylinder. 

(2) Next suppose the armatures present and connected by 

a wire at rest. This connection reduces the voltage CE dr to O, 

but the field intensity E does not vanish except over one 
cylinder of radius r 0 to be determined. If it did, the charge on 
the outer armature would be greater than the opposite charge 
on the inner, and the insulator itself would be internally 
charged. For / increases proportionally with r, and I) would 
now. therefore increase in the same way. The voltage through 
the insulator being zero, the direction of the field intensity E 
^ radia!, changes in sign at the cylinder of radius r„! 
Within this cylinder E has the same direction as /, so as to 
increase the total displacement; while outside this cylinder it 
as the opposite direction, so as to decrease the displacement 
which would exist were / alone acting. In this way the electric 
flux across all cylinders which can be drawn between the 
armatures is kept the same and equal to that across the cylinder 
o radius r 0 . At the cylinder of radius r the field intensity is 



K - 1 
K 




while r 0 is given by the expression 19 



a w ' re move s with the armatures a field intensitv 

due to the potential difference V from the onto to t h e ”“er 

armature equal to the e. m. f. » * - deve]oped 

be superposed on the intensity given bv f 9 ) 
denser the r ° tating con " 

atp.d r |X^Tero^“ ” ly ' 

W If the ether moves with the matter in case (1), we 
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must substitute K for K — 1, and we get in place of (7) and (8) 
the relations 

0=D = J v K(f + E) ( 10 ) 

and E = ~f = ~o)Hr ( 11 ) 

Neither matter nor ether is displaced, either within or without 
the cylinder. 

(5) 12 If the ether moves with the matter in case (2), equa¬ 
tion (9) becomes 

E = - (r 0 2 - r 2 ) ( 12 ) 

while r 0 remains unchanged. 

(6) 12 If the wire moves with the ether and the matter of case 
(4) [or if the ether moves with the matter and the wire of 
case (3)], there is no displacement anywhere, exactly as in 
case (4), where the wire was absent 21 . 

10. In the second group of experiments Faraday found that 
if a conducting circuit was kept fixed and the magnetic flux 
through it altered in any way by the motion of adjacent circuits 
or magnets, an e. m. f. was developed around it equal to the 
rate of decrease of magnetic flux through it, precisely as in the 
experiments of the first group for the same relative motion of 
the material systems. In this case the tubes of magnetic 
induction, which are always closed, must be conceived to move 
across the circuit, and the intensity induced therein at any 
point may be conceived as given by the expression 

E = [Hv] ( 13 ) 

where v is the velocity of the tubes. The electromotive force 
around the circuit is the line integral of this expression. 

Furthermore, if the conducting circuit is kept fixed, as before, 
and the magnetic flux through it changed in any way by the 
alteration of adjacent magnets or circuits, or currents in these 
circuits, an e. m. f. is developed and is equal, again, to the rate 
of decrease of magnetic flux through it. In this case also we 
may conceive the (closed) tubes of magnetic induction to move 
across the circuit, producing therein at any point an intensity 
given by ( 13 ). 

If the circuit is npt conducting, but is merely a path drawn in 
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an insulator or in the free ether, the electromotive force 
around it and the electric intensity at any point of it are given 
by the same expressions as before. The displacement, the 
effect of the intensity, of course differs with the conditions. 

There is never any essential difficulty in determining the 

induced e. m. f., or line integral of the induced intensity, 

around a complete circuit from the Faraday-Neumann law; 

but the application of equation (13) to the determination of 

the intensity at a point is often impossible. For, except in 

very special cases, we do not know the velocities of the tubes 

of induction. Indeed, in certain cases the very conception of 

the motion of tubes of induction appears to many to be without 
meaning. 


Consistently with experiment, however, the theory has been 

put in such a form by Maxwell, Clausius, and Lorentz, as to 

give for the induced intensity at a point, an expression which 

depends only on the motion of the electrons which produce the 
magnetic field and the time. 


If ex denotes the (fixed) charge of a certain electron, r, its 
hp S S? Ce fr ° m , the P° lnt P at which the induced intensity is to 

DotenSrrP w and . Vl ^ S Velocity ’ then at the time t the vector 
potential at P due to this electron is by definition, 


Ax = . 


ex Vx 


rx 


the (changing) quantities vx and r,. being the velocitv and 
distance at a time ps-Hiat- ® _ locity and 

recmired fnr IT , than the time t by the interval 

The vector notenfiaWi , to travel from the electron to P. 
ifle vector potential A at P due to all the moving electrons is 


the vector sum of all the minute vector 


potentials A, 


^1 Vl 
Ti 


A = 


62 Vf 
T2 


etc. That is A = vector 2. A, = vector V - g| V| 

T 1 

In terms of this vector Dotenti^'l a fu 

duced intensity is simply A the expressi °n for the in 


E 


dA 

dt 


(14) 


infpcrra] ^etr°m°tive force around the circuit ft. r 

mtegral of this expression; Even in cases I V ^ lme 

> . yen m cases where }t is not pos- 
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sible to determine the velocities of the electrons and thus 
calculate A, it is possible to determine whether A, and thus also 

d A 

—^— , changes when certain variations in conditions occur, 

and thus to obtain useful information with respect to E. 

11. In many cases the magnetic field in which a body is 
moving is changing with the time, and we have the motional 
and induced intensities superposed. Similarly, they are super¬ 
posed when the body under experimentation and the agent 
producing the field are both in motion. 

If the system referred to as fixed is, instead of being fixed to 
the earth, fixed to a ship or car in uniform motion, there is no 
difference in observed results, according to experiments hitherto 
made. It is understood that the observer and instruments 
are on board, though this is often a matter of no consequence. 

It will be instructive to consider some simple experiments, 
in part made familiar long ago by Faraday, with a circular 
cylindrical magnet A and an adjacent coaxial circular coil of 
wire B with a remote galvanometer connected into the circuit 
by long twisted leads. 

(1) If A is fixed to the earth and B moves along the axis, 
there will be a motional e. m. f. in B and a certain electric 
charge q will traverse the galvanometer for a given change of 
magnetic flux through B. (2) If now B is fixed to the earth, 
and A is displaced, the relative motion of A and B being the 
same as before, there will be an induced e. m. f. in B exactly 
equal to the motional e. m. f. in the previous case, and the 
same charge q will traverse the galvanometer. 

It is of no consequence whether the galvanometer is attached 
to A, or to B, or to the earth. The indications will be the 
same, and will appear the same to observers on A, or in B, or 
on the earth. 

Suppose now that the region in which the experiments are 
performed is permeated by the ether, and for simplicity sup¬ 
pose this fixed relatively to the earth. 

When experiment (1) is performed, the only electric intensity 
and displacement produced will be the motional intensity an d 
displacement in the coil. 

When (2) is performed, there will be the same displacement 
in the coil, due to an induced intensity equal to the previous 
motional intensity; and at the same time the field about the 
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coil and magnet will be filled with circular lines of induced 
intensity all coaxial with the magnet and due to the motion 
of its tubes of magnetic induction. This induced intensity 
will produce electric displacement in the ether, the lines of 
displacement also being coaxial with the magnet. 

The galvanometer shows no difference between the two 
cases, but the difference really exists. 

If there is no ether, no electric displacement, aside from the 
current in the coil, will occur in either case. 

If an experiment takes place in which relative motion between 
A and B occurs in an isolated region, and observers are placed 
on A and B, each observer is likely to assume that he is fixed • 
and that the other is moving. The observer on A will conclude 
that there is a motional e. m. f. in B; while the observer on B 
will observe the same e. m. f. but will call it induced. A third 
observer, fixed to neither A nor 5, will consider the e. m. f. 
to be partly induced and partly motional. 

12. Faraday, as we have seen, attempted to study the dis- 
p aeement produced in insulators by the induced intensity, 

Fert^ f CCeS ?‘ ? xcept for a Qualitative experiment of 
H ? tz I~' made Wlth high-frequency oscillations and lying 

o°n the' dtff ^ °V hiS diSCUSSi ° n ’ n ° SUCCessful ^Perimentt 

made t ^ media appear to have been 

“odv m » irinn t aS ’ ,T r ’ Sh0Wn that a finite electrified 
y a region traversed by moving tubes of magnetic in- 

dnct,o„ ,s acted upon by a force consistent with equXn (I3b 
Societytried'to^find pres ™ ced to the Physical 

ether? Z eZid" to th? f “ dement * <*e 
has persisted ^7^^ 

assumptions underlying the method tZ ° f °" e °1 thc 

briefly considered. * ex P enmen ^ will be 

short-circuited by h ° riz0ntaI plates A B > 

1?“ 0 d indUCti0,1 are PhSle”‘o “eXrZp" 

precaution) bVZZTaeiV^Z absoIute| y essential 
box whose fai S oSZ f ™«n a metallic 

and that the upper plate is 00 / Perpendicular to the plates, 
a wire F. P P ® 18 COnnected to the top of the box by 

field parallel tTthTphtesZiS^ t0g ® ther in the magnetic 

PIates and Perpendicular to the lines of 
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induction, the plates will become charged, but the charge on 
the lower face of each plate will be equal and opposite to the 
charge on the upper face of the same plate. If during the 
motion the lower plate is removed and tested for total charge, 
it will thus be found uncharged. 

15. If the box and condenser remain fixed and the magnet is 
moved, the charges will be exactly as before on the hypothesis 
that there is no ether. If the ether exists, however, there 
will be no electric displacement anywhere within the box, and 
the plates will be without charge on either side. The test of 
the lower plate for total charge will thus give the same result 
as before, and the experiment will not discriminate between the 
two hypotheses. 

16. ' Imagine the magnetic field to be sharply divided into 
two parts by the plane passing through the upper surface of 
the lower plate B, the complete field throughout the region 
occupied by the box remaining uniform, but the tubes of in¬ 
duction of the lower part remaining fixed like the condenser, 
while the tubes of the upper part move when the magnet moves. 
In the attempt to accomplish this end I used two similar mag¬ 
nets, symmetrically placed with respect to the plate B, the 
lower one fixed to the condenser. 

If this arrangement secures the end desired, and the con¬ 
denser remains fixed while the upper magnet moves, the result 
will be different according to the hypothesis made with regard 
to the ether. 

If there is no ether the upper surface of the lower plate of 
the condenser will become charged, there being now no in¬ 
tensity or displacement beneath the lower plate. If the 
ether exists, the plate will be uncharged. 

Experiments made in this way have shown that the lower 
plate of the condenser does not become charged when the upper 
magnet moves. 

If, however, the assumption made above with reference to 
the division of the magnetic field and the application of equation 
(13) under these circumstances are not justified, and the prin¬ 
ciple of superposition holds in such a way that the two magnets 
independently produce their individual effects, the lower 
magnet will produce no effect (at the critical time) and the 
upper magnet will act exactly like the single magnet of Sections 
14 and 15 (but with a non-uniform field, which does not affect 
the theory essentially), producing no (total) charge on the 
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lower plate on either hypothesis. This is the result to be ev¬ 
icted from the application of equation (14). In this case 
the experiments simply confirm Section 15 « 

on f; f ^T e , n ° W tothe sub J' ect of bipolar induction.** In 
e of Faradays experiments a symmetrical magnet rotating 

the V \ ^ ^ WaS t0Uched b y a wire A C S^inchfding 

the axis at tW ° P ° ints A and B > one near 

the center T ’ 1 th ® Cylindrical surface near 

cne center. An e. m. f. was developed in the circuit m,,,! 

Sd 'r 7 '°^ the masnet ““MS 

tteSS A C * ™ Vei ’ tte relati ™ motion being 

cloS to°one r S S D C iI lt * copper clist was mounted coaxially 
ZfJl T . ‘ magnet and 3 galvanometer C con 

dSl m ,r ?‘, A ^ B near the «®ter and edge of the 
disk. When the disk rotated, an e m f onn»i +« X l jf 
would bp u r ‘ e< 3 ual to that which 

, ^ ouced by the same relative motion of A C Ft 

was developed as before, whether the magnet rotated or not’ 
Z “°ed C S‘ ‘""~ d the Sal ~ P “ Z 

an S eSto,™met“b btain<i f 'I* 16 ” the “ agnet * rep bm*d by 
netic“ T 7 ” e,ect ™ c0il on a non-mag- 

tubes orZjiTitZ hiS ™ penmerits to Prove that the 
,. niagnetic induction remain fixed and that the mao-nct 

and d lslf move through the thustang a ™ 

motional e.m.f. with the disk or the magnet itself “iS LS 

It was pointed out by Tolver Pres ton » howew aT the 

tubes^“magneti) hid" e y lai ned by the assumption that the 

magnet and ^d'u “In bdu^ ZtlTZ °‘ 
ductor AC B. tm by cuttmg the con ’ 

modffiSionsiSr^v 1 * 01 repeated with various 
luumcations a great many times, but the problem of the ««,+ 

perimentTof E & T br f Ugbt no nearer to a solution until the ex- 

tone beautiful “T*t?l 1896 - L “ h * “ ada 

difficult to explain except on thelsTurortion 'thf ,T A*' 
of mamotiV. j.- f . e assumption that the tubes 

P m f id iv, 4-1, . am nxed > or that the seat of the 

e. m. f. is m the moving part of the circuit. 

t w o n “L° ^^f 6Xperiments ’ for w hich alone we have space 
two smnlar electromagnets were mounted coaxiaily and'S 
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together, with the current in both coils in the same direction. 
A galvanometer was connected in the usual way to two points 
on one of the magnets. It was found that the current de¬ 
pended entirely on the motion of this magnet, being the same 
whether the other magnet rotated in either direction or re¬ 
mained at rest. On the assumption that the seat of the e. m. f. 
is the moving magnet the explanation of this result is quite 
obvious. Improbable assumptions are necessary to explain 
it on the other hypothesis. By making sufficient assumptions 
however, this is possible; and Lecher did not consider his ex¬ 
periments entirely conclusive. 

20. Many students of physics have thought that this problem 
could be solved by experiments on so-called open circuits— 
experiments in which static charges, or forces on bodies with 
such charges, would be looked for instead of permanent gal¬ 
vanometer currents. The list includes Weber, Tolver Preston, 
Hertz, Lodge, Lecher, and others. But the theories on which 
s„:ch experiments and proposed experiments have been based 
appear to be fallacious. 

21. As a particular case, consider a long cylindrical air 
condenser placed in a uniform magnetic field with lines of in¬ 
duction parallel to its axis and short-circuited by disks closing 
the ends. If this condenser were rotated about its axis it 
would become charged by the motional e.m.f. in the disks, 
the .charge of the inner armature, the one assumed to be 
tested, being equal to this e. m. f. multiplied by the capacity. 

If, however, the condenser and wire remain fixed, and the 
agent producing the magnetic field rotates about the axis, 
the relative motion being the same as before, the result to be 
expected depends on the hypothesis made with respect to the 
ether. 

First suppose that the ether does not exist. If the tubes of 
induction do not move, the condenser will remain uncharged. 
If the tubes of induction move with the agent, an e. m. f. will 
be induced in the disks producing a potential difference in the 
opposite direction through the condenser and charging it as 
when the condenser moved. 

If, on the other hand, the ether exists, there will again be 
no charge in case the tubes of induction remain fixed. If the 
tubes of induction move, however, there will be superposed on 
the charge due to the potential difference developed in the 
corresponding case for no ether an equal and opposite charge 
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due to the e. m. f. induced in the ether between the arm¬ 
atures. There will, as before, be no change on the inner 
surface of the inner armature. Thus it will remain uncharged, 
just as if the tubes of induction had remained fixed. 

Thus if the armature should become charged in such an 
experiment it would prove that the ether as an electrical 
medium does not exist, and that the tubes of induction move. 

But if the armature should not become charged, the ex¬ 
periment would prove only that either (1) the ether does not 
exist and the tubes of induction do not move, or (2) the ether 
exists. 

22. In 1912 I completed an extended series of experiments 
of this kind, not with the hope (which I originally had) of 
solving the problem of unipolar induction, but to get what 
information they might yield on the relations between electro¬ 
magnetic induction and relative motion. 29 

The experiments show that the condenser does not become 
charged, the experimental error being a small fraction of the 
charge the condenser would receive if it rotated while the 
agent producing the field remained fixed. 

. ^is is the first case in electromagnetic induction in which 
it has been proved that the observed effect does not depend 

entirely on the relativity of the motion of the essential material 
systems involved. 


23 If the condenser and short-circuiting disks are made to 
rotate together with the agent producing the field, there will 
e superposed on the (zero) charge of the condenser in my 
experiments a charge equal to that it would take if the agent 

Ro°taW g tb 6 field rei f amed fixed and the condenser rotated. 

conrS^l ^ a Tf a 1 ° ne produces no ^arge; rotating the 

rotated t a # ne ^ roc ^ uces a charge. When both are 

rotated together the effects must be superposed. 

ms corollary of my experiments has been confirmed in each 
of wo recent investigations; one by Kennard,» Xhad 
earlier work m this field; and one by Pegram » 

to ” “ STT, ^ app f atus essentially similar 

The coSnsl w' , TT T 1 COil wereboth mad e*»rotate, 
with the theory. ° Un ° become charged in accordance 

In this last rotation experiment we have a Dositive t 

electromagnetic indnction without any rehtive Zt^l 

tween the essential material nnH-c- +u motion be- 

materiai parts of the system. In mv 

V 
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own rotation experiments we have a zero effect with a positive 
relative motion. Neither group of experiments, however, 
is inconsistent with the principle of relativity of Einstein, 
which relates to translatory motion only, or with the theories 
of Maxwell and Lorentz. 

These experiments do not seem to me to solve the old prob¬ 
lem of unipolar induction. As shown above (Section 21) they 
prove either (1) that the ether does not exist and that the 
tubes of induction do not move, or (2) that the ether exists. 
If we had evidence that the ether does not exist, the ex¬ 
periments would prove that the tubes of induction remain 
fixed. 

24. The simplest assumption which will account for all the 
unipolar phenomena is Faraday's assumption that the tubes 
of induction are fixed and that the e. m. f. is a pure motional 
e. m. f. in the moving conductors. The electron theory, more¬ 
over, supports this assumption in the simplest case to which 
it can be applied, 31 viz. that of a thin solenoid carrying a direct 
current and rotating about its axis. When the solenoid is 
rotated there is simply superposed on the conduction current 
density at any point of the solenoid a convection current 
density of identical nature and zero magnitude, since the 
positive and negative charges per unit volume of the conductor 
are equal. And this could not, apparently, affect in any way 
the state of the magnetic field. 

For practical purposes, however, it is of no consequence which 
assumption is made. On the simpler hypothesis, the calcula¬ 
tion of the e. m. f. may be made from equation (2); on the other, 
from equation (13); and on either hypothesis, or any combina¬ 
tion of the two, it may be calculated from the rate of change of 
flux through the circuit from the brush A in contact with the 
cylindrical surface of the magnet, through the galvanometer 
to the brush B in contact with the center of the end surface of 
the magnet, from B to a point C fixed on the magnet in the 
same transverse circle with A, and from C along the arc of the 
circle to the brush A. With the uniform growth of the arc 
A C, which contributes nothing to the e. m. f. and may encircle 
the cylinder any number of times, the flux through the circuit 
changes at the same uniform rate on any hypothesis. 

25. This arrangement, essentially the unipolar or homopolar 
generator, in which the rotation takes place about the axis 
of a symmetrical field and one part of the system cuts the flux 
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uniformly and always in the same direction, is clearly the only 
one in which a steady direct current can be electromagnetieally 
produced by rotation without commutation. With rotation 
about any other axis the e. m. f. will fluctuate or alternate 
periodically. 

Department of Terrestrial Magnetism 

Carnegie Institution of Washington. 
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PRESENT LIMITS OF SPEED AND POWER OF 
SINGLE-SHAFT STEAM TURBINES 


BY J. F. JOHNSON 


Abstract of Paper 

This paper will be restricted to a discussion of some of the 
factors which influence limits as applying particularly to tur¬ 
bines of the reaction type. With the employment of high 
vacua the limit of power will be determined largely by the area 
obtainable through the last stage. 

Limiting factors include: 

1. Chosen maximum values of steam speed through the 
blades in order to keep^ the leaving losses within permissible 
limits. For highest efficiency the steam speed should be about 
25 per cent greater than the blade speed, but in the last stages it is 
sometimes made 100 per cent greater as a compromise between 
efficiency and cost. Similarly the outlet angle of the blades is 
increased from 20 deg. to 35 deg. 

2. Physical characteristics of materials employed and chosen 
limits to which these may be safely stressed. By varying the 
forai of rotor construction stresses in it may usually be kept 
within necessary limits up to the point at which limiting stresses 
in the blades or blade fastenings are reached. For any given ro¬ 
tative speed and blade angle the steam capacity is directly pro¬ 
portional to* the stress at the base of the blades regardless of 
the diameter and blade height. 

3. Capacity limits of manufacturing facilities, increased 
bracing and clearances necessary to insure requisite rigidity and 
reliability, and capacity loss due to outages for inspection and 
repair. 

Fig. 6 shows maximum capacity at various speeds which are 
physically possible without exceeding present limits of stresses. 

It is valuable chiefly as showing the physical relation between 
speed and capacity with given limiting stress values. 

' I ’HE recent rapid development of steam turbine-driven 
* electric power-generating units of large capacity has 
prompted your Society to undertake a study of the present 
limits of speed and power for such units. This paper will be 
restricted to a discussion of some of the factors which deter¬ 
mine or influence such limits as applying particularly to tur¬ 
bines of the reaction type. 

With the employment of high vacua, such as is the present 
universal practise, the limit of power of a turbine operating at 
a given speed will be determined largely by the area obtainable 
through the last stage for the final expansion and passage of 

1515 
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the steam prior to its entering the condenser. The significance 
of this will be apparent when attention is called to the fact 
that whereas a pound of steam, when entering the first stage, 
has a volume of less than 2^ cu. ft., when passing through the 
last stage it has a volume of approximately 395 cu. ft. when 
expanded to 28J^ in. vacuum, and 585 cu. ft. when expanded to 
29 in.; a ratio in the latter case of 1 to 234. 

Consequently, in any discussion of limits of power, it will 
be necessary to assume conditions of pressure and superheat 
of the steam entering the turbine, the vacuum to which 
the steam is to be expanded in the blading, and the efficiency 
or rate of steam flow per unit of power. For these conditions 
250 lb. gage pressure with 200 deg. fahr. superheat and 29-in. 
vacuum referred to a barometer of 30 in., and efficiencies as are 
commonly obtainable with them, will be used. 

Limiting factors may be divided into three classes.' First; 
Theoretical, including limiting steam velocities and effect on 
efficiency of velocity remaining in steam after leaving the last 
stage, and the area through the blades as affected by blade 
angle.. Second; Physical, including methods of construction, 
materials, stresses, factor of safety against rupture, reliability 
tactor, and limitations of transportation facilities. Third' 
conomic, including limits beyond which it may be physically 
possible but economically inadvisable, to go, such as effect of 
size of structure or of character of materials employed on cost 
and time required to make inspection and repairs. 

Theoretical Limits 

In this class there are but few limitations as affecting capacity 

rigTdffyavSrblJ?? mat6rials ° f infinite stren ^ h 

capacity hff would be possible to build units of infinite 
capacity, but for a given diameter and blade height the canac 
ity will be limited by chosen maximum ,r a i, 1Q f ca P ac ~ 

through the blades, in order to keen St T ^ 
available energy in the ti t ? t leaving losses > or 
within permissffile hmffs Th“ f ff d to the c °ndenser, 
the exception of thJ w fe ^o u ghout the entire turbine, with 

25 per cent in excess of tht t T SP6eds ° nly about 

employed in ordS-to Li! COrrespondlng blade speeds are 
stages h Jr re maxim um efficiency. In the latter 

stages however, the volumes become so great that acomnrn 

mise between maximum theoretical efficiency ^ i 

dimensions becomes advisable by increasing the steam speed 
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sometimes to approximately 100 per cent in excess of the blade 
speed. The steam after being discharged from the last stage, 
therefore, still contains a small portion of available energy the 
recovery of which would involve disproportionate expense. 

For example, if the pressure drop in the last stage is such as 
to render available for work thirty heat units which will 
produce an equivalent velocity of 1225 ft. per sec., and if the 
blade speed is such that the steam after leaving it still has a 
velocity of 600 ft. per sec., which is the equivalent of 7.2 B. t. u., 
this 7.2 B. t. u. will be totally lost, whereas probably 80 per cent 
of it, (or 6 B. t. u.), might be recovered were it practicable to 
use an additional stage of proper proportions. This would 
improve the total efficiency of the turbine approximately 1 



Fig. 1 


per cent. Higher blade speeds will tend to improve the effi¬ 
ciency by reducing leaving losses, but generally not as effec¬ 
tively as would larger blade areas with lower steam velocities 
and correspondingly increased number of stages. 

Having fixed the height of a row of blades, the area of the 
steam space is dependent upon the angle formed between the 
center line of the row of blades and the outlet portion of the 
blade. The smaller this angle is the smaller will be the area 
and vice versa . On the other hand the smaller this angle the 
higher the efficiency because of the lesser absolute velocity left 
in the steam discharged to the condenser. 

In Fig. 1a is shown a relation between steam speed and blade 
speed to give highest efficiency. The blade speed is 600 ft. per 
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sec., steam speed 638 ft. per sec., blade angle 20 deg. and steam, 
speed after leaving blades, 218 ft. per sec. in direction at right 
angles to direction of rotation. Fig. 1b shows a similar condi¬ 
tion giving maximum obtainable efficiency employing a 35 
deg. blade angle and Fig. lc a condition in which the steam 
speed is 100 per cent greater than the blade speed. 

The leaving losses are, in Fig. 1a, 218 ft. per sec., Fig. 1b, 420 
ft. per sec., and Fig. lc, 785 ft. per sec., which is the equivalent 
of 0.95, 3.5, and 12.3 B. t. u. respectively. 

The steam area is ordinarily expressed as a ratio of the per¬ 
pendicular distance between blades, to the pitch of the blades, 
as ajb (see Fig. Id). Highest actual efficiency is obtained by 
keeping this ratio between 0.25 and 0.3, and this is done in all 
stages except the last few in high vacuum machines where it is 
increased to a maximum of 0.5, the equivalent angle being 
about 35 deg. which includes proper allowance for blade thick¬ 
ness, this ratio having been determined upon as a proper 
compromise between cost of increased blade height and loss of 
efficiency due to increased terminal loss. 

Some European manufacturers have employed ratios as 
large as 0.65 and 0.7. 


Physical Limits 

Chief among the physical factors limiting turbine capacity 
are the physical characteristics of the material employed and 
the chosen limits to which these materials may be safely 
stressed, bearing in mind that either uniformity of quality, or 
actor of safety sufficient to cover all possible variations, 
together with inaccuracies in calculation and irregularities of 
operation, must be provided for. While alloy steels possessing 
exceptionally high physical characteristics are procurable, their 

processes whEht P ti nd - rela f vely sensitive metallurgical 

the opinion of some engineers cannot as yet 

with a 6 ffl 1 - J re gu ar workmen as a manufacturing process 

£? wfiTh Tl ° f reliability to justify their a »d 

to the We^t Ca l ! d ° ne ’ conserva tism demands adherence 

may with stit?W V 6SSer S f Sltive material s- Such materials 
un( L the f °™ S of const ™ction, be safely stressed 

to within a few “ 

speSl form ° f *£* rotor is not limited *> one 

special form, the design may be varied so as to take full advan- 
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tage of the low speeds in the high and intermediate stages, 
(where low speeds must be used in order to secure high effi¬ 
ciency), by employing a drum the thickness of which may be 
varied to keep the stresses within desired limits; while in low 
pressure stages where the stresses are highest, either disks 
carried on a shaft, or solid disks suitably held together, may be 
employed. With the solid disk construction the stresses may 
be kept within any reasonable limits up to speeds at which the 
design becomes too massive and expensive. 

The steel regularly used by the Westinghouse company for 

turbine rotors conforms to the following characteristic specifi¬ 
cations: 

Test rings taken as close as possible to the point of maximum 

stress must show the following characteristics with standard 
two-in. specimens: 



Tensile strength 65,000 to 70,000 lb. per sq. in. 

True elastic limit 22,000 to 25,000 lb. per sq. in. 

Elongation 15 per cent to 18 per cent. 

Reduction of area 20 per cent to 25 per cent. 

The steel must be of best quality, having approximately 0.25 
per cent carbon, 0.50 to 0.60 per cent manganese, 0.25 per cent 
silicon, and not over 0.025 per cent sulphur or of phosphorus. 

The material is obtained ordinarily in the form of castings, 
though occasionally as forgings. The specifications in either 
case are the same. Especially in the larger sizes the forgings 
have been difficult to obtain, excessively expensive, and no 
more uniform or reliable in quality than the castings. 

Fig. 2 shows the form of casting for a rotor end. It is cast 
vertically with the small end down, and after casting, is allowed 
to cool very slowly in the sand. After removal, the entire 
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upper portion which constitutes the riser, is cut off and the 
casting then thoroughly annealed by being heated slowly and 
evenly to a temperature of about 1650 -deg. fahr. and allowed 
to cool very slowly. It is then rough machined to within 
about jbj! in. of finished surface, after which it is put in a furnace 
and heated to about 1100 deg. fahr. and allowed to cool slowly 
to remove any possible internal stresses set up by reason of the 
metal removed in machining. It is then finish machined and 
given no further treatment of any kind. 

The limit of stress to which this material is subjected is 
20,000 lb. per sq. in. when operating at a speed 20 per cent in 
excess of the normal operating speed. The stress at normal 

speed is therefore = 13,900 lb. This stress is 63 per 


cent of the minimum allowable true elastic limit, about 46 per 
cent of the yield point and 21^ per cent of the minimum ulti¬ 
mate strength. It is not generally appreciated that should the 
stress by reason of defect or excessive overspeed, exceed the 
me elastic limit, no injury will result other than a slight per- 
stretch, t0 / ether with such blade damage as may 

drum at- n an ex ^ reme case of overspeed the rotor 

rnh tn S< l 1 ls W1 H stretch sufficiently to cause blading to 

W ^ as to practicall y insure entirely destroy- 

JLjflf* 1 ? U f prevent further overspeed, before the ultimate 
strength and elongation of the material is reached. 

st " B i h s e a V° always keep the 

the hlarf~ rZ U1 f y , ’ then the stress at base of 

ne b ades, or m blade fastenings, determines the maximum 

capacity obtainable with a given speed. maximum 

the T base of bladlT° i nteresting relations between the stress at 
rotative sneed p 6 ™ PaSSage area throu £ h the blades, and 

inversely as the square of the meed ^ UadeS WlU vary 

rev. per min. a XI J L * ^ lf at a speed of 1800 

rev. per min. the area wiifw &rea a J e Gained, then at 900 
is kept constant. b mcreased four times if the stress 
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These relations will be readily seen from the following for¬ 
mulas : ° 

Area through blades = tXMDx HxR. 

If R constant = Constant X M D x H 

And stress at base of blades = 

G r 


for steel 


0.284 x H X ( rev - P ermin - X M D\ 

V 229 ) 


32.16 X 


M D 
24 


_ 0.284 X 24 X M D X H X (rev. per min.) 2 

32.16 X (229) 2 

If rev. per min. is constant = constant X M D x H. 

Where H = Blade height in inches. 

M D = Mean diameter of blades in inches. 

R = Ratio of area through blades to total annular 
area occupied by blades. 

0.284 = Weight of blade material in lb. per cu. in. 

The area and stress are therefore each equal to a constant 
times the product of mean diameter and blade height, and 
when the stress is constant this product will vary inversely as 
the square of the rev. per min. 

The ratio of blade height to rotor diameter is, therefore, not 
a factor in determining physical limit of capacity, but only in 

determining efficiency, cost, and to some extent, reliability of 
the turbine. 

Blading used in impulse stages and in low pressure reaction 
stages in which stresses exceed 15,000 lb. per sq. in. at 20 per 
cent overspeed is made of a 5 per cent electric fur na ce nickel 
steel in which the carbon sulphur and phosphorus are kept 

very low. It is really a nickel iron having a very fine close 
structure. 

Its physical and chemical characteristics are as follows: 


Tensile strength,.65,000 lb. per sq. in. minimum 

True elastic limit.35,000 lb per sq. in. minimum 

Elongation in 2 in.30 per cent minimum 

Reduction of area.60 per cent minimum 







1522 


JOHNSON: STEAM TURBINES 


[Nov. 14 


Carbon, not over.0.08 per cent 

Silicon, not over.;..0.10 per cent 

Phosphorus, not over.0.025 per cent 

Sulphur, not over.0.04 per cent 

Manganese.0.40 to 0.50 per cent 

Nickel.4.5 to 5.5 per cent 

This material is annealed by heating to 1425 deg. fahr. and 
cooled in open air after rolling into sections required for for min g 
into various blade shapes, and is given no further heat treat¬ 
ment. 

The maximum stress at 20 per cent overspeed to which th is 
material is subjected is 25,000 lb. The corresponding stress at 
normal speed is, therefore, 17,350 lb., this being 49 per cent of 


Fig. 5 

the true elastic limit, and 2 6% per cent of minimum ultimate 
strength. 

For the lower stress reaction blading, a copper tin and phos¬ 
phor bronze is employed, consisting of: 


Copper.97 to 98 percent 

Tin.-..2 to 3 per cent 

Phosphorus.. 0.03 to 0.07 per cent 


Satisfactory methods of blade fastening involve no problems 
unless allowable stresses in the blades are very materially 
higher than those in the blade carrying element. 

Fig. 3 shows a method used where the stress at the base of 
the blade does not exceed 17,500 lb., and Fig. 4 where stresses 
between 17,500 lb. and 25,000 lb. are involved. At 25,000 lb. 
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stress at the base of the blade the tensile stress in reduced 
section of base is 11,800 lb., and the shearing stress in the blade 
and blade carrying element is 10,000 lb. The compound side 
wedges are employed to insure an absolutely tight fit of the 
blade in the groove so as to protect the reduced section of the 
blade against any stresses other than direct tension. 

Increased capacity without decrease of rotative speed or in¬ 
crease of stresses may be obtained by employing multiple low 
pressure stages. This well known and popular expedient pos¬ 
sesses the merit of permitting high-vacuum turbines to be built 
t speeds and capacities up to approximately the present limits 
of generator construction, without exceeding moderate diameters 
blade lengths, and stresses. 



Fig. 6—Limits of Capacity of Steam Turbines with Double-Flow 

Low-Pressure Stages 

Having steel blades of uniform cross-section stressed to 25,000 lb. per sq. in. at base 
of blades at 20 per cent overspeed and maximum efficiency at 80 per cent of rating—250 
lb. steam pressure—200 deg. superheat—29-in. vacuum referred to a 30-in. barometer— 
with steam velocity through blades of 1225 ft. per sec. at a volume of 585 cu. ft. per lb. 


Fig. 5 shows a cross sectional view of a turbine typical of this 
type. 

Fig. 6 is a curve showing approximate maximum capacities 
at various speeds which are physically possible, employing 
double flow construction without exceeding the limits of stresses 
previously given. For equal capacities employing single flow 
construction the stresses would have to be doubled. The points 
marked (x) at 8600,1800 and 1500 rev. per min. represent capaci¬ 
ties which have already been built. This curve must not be in¬ 
terpreted as indicating suggested practicable present or ultimate 
limiting capacities of turbines, but merely as showing a physical 
relation between speed and capacity with given limiting stress 
values and operating conditions. 
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An important limit of size and capacity now being approached 
is that imposed by transportation facilities. Stationary ele¬ 
ments may be readily sectionalized as required and assembled 
after shipment. Ways may be devised also for partial dismant¬ 
ling of rotor elements, although diameter will be one of the lim¬ 
iting factors, and this cannot be reduced beyond the point of 
omission of blading. The low-pressure rotors of the 30,000-kw. 
Interborough Rapid Transit Company turbines were shipped 
with the last stage blade carrying elements removed. 

While the physical dimensions and capacities of turbines are 
being constantly increased it is essential that the reliability fac¬ 
tor be not decreased. The employment of special materials and 
higher stresses does not usually permit increased capacity or 
efficiency without a corresponding increase in weight and cost, 
unless reliability be compromised. 

If, having given a satisfactory reliable design of a given capac¬ 
ity employing low stresses, it is proposed to transform it by mod¬ 
ification of design and substitution of higher stresses into a unit 
of larger capacity, greater blade lengths and probably greater 
blade weights, operating at higher speeds, and involving higher 
centrifugal forces will be necessary, in order to secure the re- 
quired area. The rotor structure may possibly be shortened 
somewhat, but unless its total weight is increased nearly in pro-' 
portion to the increase in stored energy in the individual blade; 
the unbalanced effect or disturbance caused by one or more 
blades breaking (which must be recognized as an inevitable oc¬ 
currence in any turbine) will be greater, imposing higher stresses 
in the rotor shaft, bearings, and bearing supports; and a greater 
factor of strength will be required to withstand these stresses. 
The greater blade weight and higher speed will also require in¬ 
creasing the mass of the casing in order to prevent the blades 
from permanently injuring and possibly breaking through it if 
they should fail. The endurance factor of a turbine when oper¬ 
ating under imperfect or abnormal conditions will be higher in 
proportion to the ratio of stator mass to rotor mass, and of rotor 
mass to blade mass. The incorporation in the design of a tur¬ 
bine of features which increase the endurance factor will appre¬ 
ciably increase its cost but will also (to a very much greater ex¬ 
tent) increase its value to the user. 

* 

Economic Limits 

In the study of economic limits of turbines of large capacity, 
consideration must be given to the fact that as yet such units 
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are not required in sufficient quantity to warrant equipping and 
operating shops for their exclusive manufacture, and that they 
must, therefore, be produced by largely the same processes and 
equipment as are used for smaller sizes which are built in greater 
quantities. 

As sizes becomes larger, a greater proportion of special equip¬ 
ment and processes becomes necessary, resultingin increased rates 
of cost unless accompanied by very material increase in quantity 
of production. Under present conditions this economic limit 
of capacity agrees closely with the physical limit of 1500 rev. 
per min. units. 

In the Jarger low-speed structures the physical proportions 
become such that using ordinary steel and cast iron, to which 
we are limited by the metallurgical art, the distortions due to 
temperature changes and elastic properties of the materials are 
such that increased clearances and bracing have to be employed, 
in order to maintain equal reliability and rigidity to a degree 
which causes the cost per kilowatt for a given efficiency to 
increase with increasing capacity. Further development of 
the allied arts and increased demand for larger units wil 
tend to reduce the influence of this limitation factor. 

Another factor tending to limit capacity of single units is the 
generating.capacity loss resulting from suspension of service for 
inspection or repairs. For example, if a 30,000-kw. unit must 
be kept out of service ten days for a certain inspection or repair, 
a 60,000-kw. unit would have to be kept out probably fourteen 
days for a similar purpose because of the greater time required 
to handle the larger structure. Therefore, if two 30,000-kw. 
units were used and each held out of service ten days, the outage 
loss would be only five-sevenths as great as if a single 60,000-kw. 
unit were kept out fourteen days. 

In order to avoid the limitations or undesirable characteristics 
just referred to, a number of turbine units of capacities varying 
from 30,000 to 60,000 kw. have been built in which the turbines 
have been divided into two or three separate compounded ele¬ 
ments, each driving its own generator, and each capable of 
operating alone on high pressure steam in emergencies. 

It is believed that units of this type will continue to be em¬ 
ployed for the larger capacities because of the advantages 
not obtainable in single cylinder types, which will justify their 
somewhat greater cost. 
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SHAFT CURTIS STEAM TURBINES 


BY HSKIL BKRG 


A HSTK U’T OF P.WKK 

This paper starts by showing that the limit of a single-unit, 
turbo generator does not Ho in the generator but is routined to 
the steam turbine, and that tlm last wheal of the turbine is tin* 
limiting feature. 

The author therefore fakes the last wheel of an INOO-rov. per 
min. turbine, giving dimension stresses, kind of material used 
etc., and then designs two turbines, one having 2d stages and the 
other Id stages, both machines using this last wheel, and shows 
that a turbine en/n be built having its most ecnnomieal point at 
21,000 kw., under steam eondilions given in tin* paper. 

Under this eondil ion t he last stage absorbs 1 1.5 per cent of t fie 
total adiabatie available energy, and the wheel efficiency is 
00.25 percent. As the load increases, the work done in this 
stage also increases, so that at d0,000 kw. the energy is prac- 
tically doubled, but with a sacrifice in eHieiency of about IS per 
cent, which naturally hewers the elliciency of the turbine as a 


A 5000-kw., Ii\e-slage, BbOU-rev. per min. turbine load curve 
is also given and discussed, and the author claims that if the 
construction could be made similar to the large turbine, keeping 
the same sir* and number of stages, a turbine of this capac¬ 
ity could he built as efficient as f he larger machine at 20,000-kw. 


T HE purpose of this paper is to discuss the limitations of 
the types of turbines used in the more important work 
now done by the General Electric Company, and to show the 
relative results which can be accomplished with such designs 
under different conditions of load. Different, mechanical 
arrangements will make practicable different characteristics, 
and the conditions shown only apply to machines of these 
particular designs. The design of t urbines must be governed 
by many compromises and it. would not be possible to give a 
correct idea as to the whole range of possibilities. 

For purposes of illusi ration, two machines have been selected, 
one representat ive of the largest size built, for 1800 rev. per min. 
and one of the largest size now built for 8600 rev. per min. 
The figures given relate to the f urbine alone, and do not include 
crenern+AKt The generators used with such turbines might b< 
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designed for various power factors or overload capacities and 
would thus be of different efficiencies. 

The turbines in question are both of the single-flow type and 
may be considered representative of capacity limitations of 
that type, since their construction is that which is adapted to 
the highest capacity. The single-unit turbine am 1 generator is 
naturally preferable over the tandem and compound type on 
account of simplicity, lightness, and efficiency. There "are 
however certain definite limitations in the size for ;l K iv en 
speed that these units can he built, with material available at 
the present time. The limitation in the size of a unit, for'a 

given speed does not depend upon the generator, hut is entirely 
dependent upon the turbine. 

Fig. 1 shows the load curve of the large 1800-rev. per min. 
machine above mentioned, which is designed to operate with 



250 lb. steam pressure, 28.5 inches of vacuum, and dry steam 

t^e Thefirst f ****?’ f! wheeLs bdn « the single-hucke 
typa The first stage wheel has a pitch diameter of 35 inches 

which haTa nit^ h r aCh f CC r iVe stage until the hst wheel 
that for l800 rp ^ 88 i ™ he8 ' This <‘urve show; 

vacuum of 28 ^ ■ if 61 " mm '’ a fcurbine f ‘ an 1,0 designed for g 
this noTnt bi; h f S, / Vmg its best efficiency at 21,000 kw. 
2 other' ° n thG CUrVG by 1 ’ t he wker rate 

curve also shows tw g Ti! n m proporl;ion to thi 'S point. This 
anmutput of & S f r5fice of 5 p <* cent in efficiency, 

Above a tad Jf 2 Vm “? be ddive T ed to thc turbine shaft. 

stage shell the effect ofwb*^ 18 bypasscd to the eighth 
curve. fc f hlch 1S shown by the break in the 

The dotted line gives the load enrvA nf * • 
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which the first eleven stages are replaced by one two-bucket 
stage. This turbine is designed with multiple valve steam 
admission. Such a modification may be desirable for the pur¬ 
pose of simplification, or where better efficiency at very light 
loads is important, as in the case of propulsion of warships. 

Fig. 2 gives the vacuum curve of the 1800-rev. per min., 
23-stage machine at 21,000-kw. and 36,000-kw. load on the 
turbine shaft. It will be noticed that the improvement in 
economy at a load of 21,000 kw., is 2.5 per cent between 28.5 
and 29 in., whereas with a load of 36,000 kw., due to congestion 
of the steam passages, the gain is only 0.55 per cent. 

Many large size turbines are now designed for a vacuum of 



Vacuum Inches 


Fig. 2 


29 in. The volume of one pound of steam at this vacuum is 
652 cu. ft., almost 50 per cent greater than at 28.5 in., and 
about twice as much as at 28 in., which calls for a corresponding 
increase in the area of the steam passage in the last stage wheel. 
If this area is made too small, the steam when leaving the last 
row of, buckets must have a high velocity, which gives a large 
loss of energy, this loss being in proportion to the square of the 
velocity. It is therefore important that this area be made as 
large as possible, and that the exit angle of the blades b a e made 
small enough to give good extraction. 

Efficient action can only be accomplished by using a bucket 
speed that bears a proper relation to the steam velocity. Con¬ 
sequently to get the largest capacity we must not only use long 
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buckets, but must move them at a very high speed. In order 
to obtain good bucket action, the buckets should not be more 
than about one fourth as long as the 
pitch diameter of the wheel. If they rtf 
are made longer than this, poor bucket 
action with consequent loss in efficiency 
will result, due to the great difference 
in peripheral speed between the base 
and the tip of the bucket, the design 
being made correct for the middle point 


or pitch line. The Hare also becomes 
excessive, so that the space between 
the buckets at the tip will be so large 
that steam can flow between the buckets 
without doing any work. 

The use of a high steam speed in 
this last stage naturally implies that a 
relatively large proportion of the total 
steam energy must he utilized there, 
and such concentration of work into a 
single stage is not without its disad¬ 
vantages, since even if the best rela¬ 
tion of velocities is maintained, such 
a stage doing a large amount of 
work is naturally less efficient than 
a stage of similar character doing less 


/t'c'jr or Bi/c/rsr 

20f0£> 


\v 
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h \ , \j 


Since for the reasons given above, the 
design of the last stage in such a turbine 
constitutes- the most important limita¬ 
tion, we will consider some details of 
the design used in this case. Fig. 3 
represents the last wheel of the large 
23-stage 1800-rev. per min., turbine 
which has been mentioned. This tur¬ 
bine is designed to operate at 250 lb. 
steam pressure, 28.5-in. vacuum, and 
dry steam. The pitch diameter of the 
wheel is 88 in., length of buckets 22 in. 
and bucket angles 00 deg. entrance and 

40 deg. exit. The wheel is subject to the 
normal speed: 



V 




mm sw£ss 23 *so 


Fig. 3 


following stresses at 
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Stresses in hub, 28,450 lb. per sq. in. 

Stresses in web, 22,950 lb. per sq. in. 

Stresses in bucket, 20,100 lb. per sq. in. 

Elastic limit, (limit of proportionality) of material, 55,000 
lb. per sq. in. The material of the wheel and bucket is 
quenched and tempered 3 per cent nickel steel. 

The.wheel is stiff enough to avoid vibration effects, and in 
the absence of such effects the centrifugal strains afford ample 
factors of safety, even if we assume considerable irregularities 
and imperfections of metal structure. 

Cause of Wheel Breakages 

In some of the first large machines of the type here discussed, 
very serious trouble has developed through the formation of 
cracks in the forged wheels. Such cracks have caused wheels 
to break in three important installations. The cracks which 
have formed in these wheels have started at holes in the wheel 
provided either for balancing steam pressures on the two sides 
of the wheel, or for the attachment of balance weights. The 
occurrence of these accidents naturally gave rise to much alarm, 
uncertainty, and difference of opinion as to the cause of the 
trouble. Calculation showed that the wheels which broke 
were less stressed than many which were made from weaker 
metal and had operated for long periods of time. Holes in a 
centrifugally stressed wheel greatly increase the fibre stress in 
the vicinity of the hole itself, but such conditions had not 
caused the formation of cracks in large numbers of wheels in 
which such localized high stresses existed. Many evidences 
have now shown that the trouble with these wheels has not 
resulted from stresses in excess of those which had been pre¬ 
viously found to be practicable, but has been caused by flutter¬ 
ing and vibrations of the wheels, which had become possible 
through the lightness and thinness of their construction. Such 
vibration gives a periodic character to the stresses normally 
imposed and so gives rise to the formation of fatigue cracks. 

In machines of this type relatively light and narrow buckets 
have been used, and the wheels have been proportioned with a 
view to ample centrifugal strength, but with maximum economy 
of space and weight, consequently these wheels have had much 
less lateral stiffness than wheels used in turbines of previous 
types. To overcome such troubles as have developed, it is 
simply necessary to make the wheels stiffer and to put in holes 
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in parts of the wheel near the hub where a suitable reinforce¬ 
ment of thickness can be provided which both stiffens the 
wheel and reduces stresses near the holes. Very slight changes 
of this kind make a great difference in the vibrating charac¬ 
teristics of such wheels, and the proportions used are such that 
they can easily be brought to the same standards of safety in 
these respects as have long prevailed in wheels of heavier 
construction in machines having less numbers of stages. 

Experience has shown that in the absence of a tendency to 
form fatigue cracks through vibration, overspeed in such tur¬ 
bine wheels involves relatively little danger as compared with 
other types of high-speed machinery. Experimentally and in 



actual service, wheels have been stretched to a considerable 
degree of enlargement without the formation of any cracks, and 
such stretching is a normal condition if the cracks do not exist. 

It has been discovered that such fluttering or vibration of 
the web of wheels has not only been responsible for the forma¬ 
tion, of fatigue cracks in the wheels themselves, but has also 
caused loosening and breakage of buckets. The cure for these 
difficulties is to use stiffer wheels, and such wheels can carry 
stiffer buckets, so that the whole structure is incapable of 
vibration of any amplitude through such forces and periods as 
arise from the conditions of operation. 

Fig. 4 gives the energy and efficiency curves of this last 
stage. It will be noticed that at the most efficient point. 











1919] 


BERG: STEAM TURBINES 


1533 


(21,000 kw.), this stage absorbs 11.5 per cent of the total 
adiabatic available energy, and that the wheel efficiency is 
66.25 per cent. The energy represented by the exhaust 
velocity which is all wasted in the condenser is 1.5 per cent of 
the total energy. As the load increases on the turbine shaft, 
the energy in this stage also increases, decreasing its efficiency 
until at 36,000 kw. the energy in the last stage is 20.9 per 
cent of the total energy. The wheel efficiency however has 
been reduced to 54.2 per cent and the energy represented 
by the exhaust velocity has been increased to 6.4 per cent. 
This great amount of work in the last stage at such poor 
efficiency naturally lowers the efficiency of the whole tur¬ 
bine, and in this case the efficiency at 36,000 kw. is 5 per cent 
lower than at 21,000 kw. 



Fig. 5 


Fig. 5 shows leakage and rotation losses of the same turbine 
in per cent of input. 

From the above it will be seen that for 1800 rev. per min., a 
turbine can be designed efficiently for 21,000 kw. which, with 
a sacrifice of efficiency can deliver 36,000 kw. 

Fig. 6 gives a load curve of the smaller 3600-rev. per min. 
turbine. The water rates are here given in reference to that of 
the larger machine, the load of 5000 kw. corresponding to that 
of 20,000 kw. on the 1800-rev. per min. turbine. This turbine 
has only five stages, one two-bucket wheel in the first stage, 
the other four stages having single-bucket wheels. The first 
wheel has a pitch diameter of 35.5 in., and the remaining four 
wheels a pitch diameter of 51 in. The bucket height of the 
last wheel is 9.125 in,, the turbine being designed for a maxi¬ 
mum of 6250 kw. 
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The reason for such a discrepancy in the number of stages 
calls for explanation. As the output of a turbine, keeping 
approximately the same stresses, goes up inversely as the 
square of the rev. per min., if the same number of stages could 
be used and clearance and all dimensions proportionately 
reduced, a 5000-kw. machine at 3600 rev. per min. could be 
made nearly as efficient as a 20,000-kw. machine at 1800 rev. 
per min., and developments of smaller multi-stage machines 
at our Lynn Works have already been made which approximate 
such possibilities. Constructions however which are practic¬ 
able on a large scale are not practicable on a small scale, and 
consequently there are difficulties in getting the space economy 
in small high-speed machines which would be necessary for 
accomplishing the result stated. One of the difficulties has 
lain in the construction of diaphragms, the casting in of nozzle 
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Fig. 6 


partitions being easy in a large diaphragm and very difficult on 
a small one. We are working upon types of diaphragms and 
other parts which may make possible the development of 

multi-stage high speed machines which afford improved degrees 
of economy. 

If a 10,000-kw. turbine is designed for 1800 rev. per min., 
the only change necessary would be to make the. nozzle and 
bucket heights about half the height of those in the 20,000-kw. 
unit. This reduction in height of buckets and nozzles would 
affect the weight, size, and cost of the turbine very little as 
compared with the 20,000 kw. unit. In regard to economy, 
the lower bucket heights would reduce the rotation loss some¬ 
what but far from 50 per cent. The diaphragm packing loss, 
head packing losses, and bearing losses would be practically 
the same as on the 20,000-kw. unit, so that while a turbine 
esigned for 10,000 kw. would be more economical than the 
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large turbine running at half load, the difference would be small, 
being only about 6 per cent. 

It will be seen from this paper that for a given speed there is 
one particular size of turbine which can be designed to be most 
economical as to steam consumption, weight, space, and price 
per kilowatt. Even if a size smaller than this is required, it 
would in many instances pay for the -central station to install 
the larger unit, even though it would have to run at reduced 
load for some time before the station load increased sufficiently 
to utilize the full capacity. 




Presented at the 35 5th meeting of the American 
Institute of Electrical Engineers , New York , No¬ 
vember 14, 1919. 


Copyright 1919. By A. I. E. E. 
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PRESENT LIMITS OF SPEED AND OUTPUT OF SINGLE¬ 
SHAFT TURBO GENERATORS 


BY P. D. NEWBURY 


Abstract op Paper 

Output is determined broadly by rotor or stator dimensions. 

With speeds of 1200 rev. per min. and lower, the stator is the lim¬ 
iting member, while with higher speeds, the rotor is the limiting 
member. 

The most effective rotor diameter is not necessarily the largest 
diameter. To obtain maximum output at a given speed the rotor 
proportions must be chosen to properly balance mechanical stres¬ 
ses, rotor ampere turns and dux. American design practise has 
established 400 ft. per see. as an upper limit of rotor peripheral 
speed. 

The maximum length of core is determined by such factors as 
ventilation, bearing temperatures, critical speed and. limits to 
weight imposed by forging and transportation facilities. 

Fig. 4 shows present limits to kv-a. rating at speeds from 3600 
to 900 rev. per min. These limiting values are given as indicat¬ 
ing present boundaries to knowledge and experience, rather than 
as real physical or other limits that, can not be exceeded. 

Mechanical forces due to short-circuit current, and damage 
caused by armature winding failures, are no greater in the very 
large generators indicated by Fig. 4 than in present day 20,000 
and 30,000. kv-a. units. 

No opinion is expressed as to the wisdom of installing very 
large single-shaft units. If operating engineers desire units of 
50,000 to 100,000 kw., there is no question but that such genera¬ 
tors can be conservatively designed and constructed. 

R EDUCED to the simplest terms, maximum output at any 
speed is attained when slot space is provided for the 
maximum possible ampere turns (in either stator or rotor), and 
core cross section is provided for the maximum possible flux. 
These conditions require the most effective rotor diameter 
(or stator bore) and the maximum rotor and stator core length. 
All factors that limit rotor diameter (or stator bore) or core 
length have a possible bearing on limiting outputs. 

The most effective rotor diameter for a given speed is not 
necessarily the largest diameter. For maximum output, the 
rotor should have maximum space for winding and maximum 
tooth and core section for flux. Obviously, these requirements 
are antagonistic and the actual design is a balance between 
slot area and tooth and polar area. Again, as the diameter is 
increased (with a given speed) there is more room for both 
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winding and flux, but with increase in diameter each pound of 
copper exerts an increasing centrifugal force and the ratio 
of slot area to tooth cross section must be decreased in order to 
keep within desired stresses. Beyond a certain peripheral 
velocity, ampere turns must be decreased, in spite of the 
increase in available space, and the most effective diameter 
has been passed. It is seen, therefore, that in order to obtain 
maximum output at a given speed, the rotor proportions 
must be chosen to properly balance mechanical stresses, rotor 
ampere-turns and flux. 

Turbo generator design has settled down to one type of 
rotor, so far as form is concerned. This is the so-called radial 
slot type, in which the ends of the winding project beyond 
the core body. This construction is shown in Fig. 1, indicating 



Fig. 1 


the slot arrangement. This type of design requires solid rings 
of very good material for holding these projecting coil ends. 
The hoop-stress in the coil retaining rings is an important limit 

to output, and is, in fact, a more important limit than the tooth 
stress in the main rotor body. 

In a large-diameter low-speed turbo generator (1200 rev. 
per min. and below) it is generally possible to employ a larger 
rotor diameter and more rotor ampere turns than can be 
properly balanced by stator ampere turns. -The density of 
stator ampere turns is limited by the ability to dissipate heat 
(with permissible temperature differences) and by the per¬ 
missible concentration of ampere turns in a single slot. Ob¬ 
viously, there is no such rigid limit to weight or depth of copper 
in a single slot in the stator as is imposed by centrifugal stresses 
m the rotor, but there is a limit to the depth of stator slots 
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determined by the rapid increase in eddy current losses with 
deep slots and by the ability to construct and insulate long 
coils having a very large ratio of depth to width. 

Thus, in certain cases the rotor is the limiting member and in 
other cases the stator is the limiting member. In general, 
the rotor first reaches its limit in ratings of 1500 rev. per min. 
and higher speeds, and the stator first reaches its limiting 
output in ratings of 1200 rev. per min. and lower, considering 
commercial frequencies. 

It is apparent that unless the ratio of rotor ampere turns to 
stator ampere turns is a fixed design relation, all generators 
could be designed for the maximum possible output as deter¬ 
mined by the stator, and the rotor need never be the limit. 
As a matter of fact, there is a tendency in this direction, the 
restraining fact being that as the field is weakened, relatively 
to the armature, the increase in field current and exciting 
voltage as the load is increased becomes greater. A reasonable 
limit to increase in excitation with load is desirable from the 
standpoint of voltage regulator operation. Regulators can 
readily handle a range of one to two or one to two-and-a-half, 
and large generators are proportioned to meet this ratio of 
no-load to full-load excitation. Voltage regulation has ceased 
to be a limit to output. These field and armature proportions 
result in regulations of roughly 25 per cent at 100 per cent 
power factor, and 40 per cent at 80 per cent power factor. 
Obviously, such regulations could not be tolerated if regula¬ 
tion were a factor in operation. 

A fundamental difficulty in laying down definite limiting 
outputs is the difficulty in arbitrarily stating limiting stresses. 
The two principal stresses in the radial slot rotor are the tooth 
stresses in the main rotor body and the hoop stress in the coil 
retaining rings. Soft carbon steel is employed for the main 
rotor body, and a good quality ductile alloy steel (usually 
chrome-nickel or chrome-vanadium) is used for the coil re¬ 
taining rings. Turbo generators are designed for a maximum 
speed 20 per cent above the running speed. At this over-speed, 
the tooth stresses should be approximately one-fourth the ulti¬ 
mate strength of the carbon steel and the coil-retaining ring 
stress should be approximately one-third the ultimate strength. 
This results in working stresses, in both cases, approximately 
half the yield point. It is important that the material be 
ductile; carbon steel with proper working, can readily be ob- 



1540 NEWBURY: TURBO GENERATORS [Nov. 14 

tained with 22 per cent elongation and 35 per cent reduction 
in area and the alloy steel should have 22 per cent elongation 
and 50 per cent reduction. These figures refer to standard 
two-inch test pieces under tension. 

American design practise has established 400 ft. per sec. 
as an upper limit of peripheral speed for maximum am pere 
turns and output for rotational speeds of 1500 rev. per min. 
and higher. This, of course, assumes existing rotor materials 
and factors of safety. 

It is apparent that having increased the rotor diameter 
to the most effective value, output will be proportional to the 
length of the rotor and stator cores, and maximum output 
will be secured when the length is increased to its limiting 
value. This limit to length is even more a matter of opinion 



and judgment than is the limit to rotor or stator diameter. 
It is determined mainly by cooling air requirements, by bear¬ 
ing proportions, by limits to weight imposed by transportation 

facilities and the ability to secure forgings of necessary diam¬ 
eter and weight. 

Ventilation, The generator losses, and consequently the re¬ 
quired volume of cooling air increase almost in proportion to the 
core length. In the simple radial or air gap system of ventilation, 
shown diagrammatically in Fig. 2, all of the cooling air must 
pass through the air gap entering the annular openings between 
stator and rotor at the two ends of the generator. The radial 
dimension of the airgap is constant with constant rotor diameter 
and consequently the volume of cooling air can only be increased 
as e core ength is increased by increasing the air pressure. 
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Also, as core length is increased, the diameter of the shaft 
extension of the rotor body must be increased and the fan 
intake becomes restricted. In the axial system of ventilation, 
illustrated in Fig. 3, the stator ventilation is taken care of 
independently of the air gap and the requirements as to cooling 
air becomes less important from the standpoint of limiting 
output. But with either system of ventilation, designers are 
already finding it necessary to devise more complicated sys¬ 
tems in order to take care of 3600 and 1800 rev. per min. 
ratings now in prospect. 

Rot r Deflection. As the core length is increased, necessi¬ 
tating an increased distance between bearings, the rotor 
deflection increases. This increases the reversing stress in 



the shaft material at the journals and reduces the value of 
critical speed. As the core length is increased, the journal 
and bearing sizes must be increased in order to keep the 
shaft stress and the critical speed within desired limits and 
a limit may be imposed by bearing losses and temperatures. 

Winding Temperatures. The'limiting ratings given in this 
paper are based on 150 deg. total rotor winding tempera¬ 
ture and from 125 deg. to 150 deg. total stator winding 
temperatures. It is not probable that ratings will be 
increased by increasing these temperature limits. Higher 
temperatures would be of most value in connection with 
the rotor winding since the rotor limits rating in the two- 
and four-pole designs commonly used. But temperatures 
higher than 150 deg. result in relatively little gain in 
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rotor ampere-turns on account of the rapid increase in 
resistance of the winding. If the rotor winding temperature 
rise is assumed proportional to the loss, an increase in operating 
temperature from 150 deg. to 250 deg. (an increase in measured 
rise from 100 deg. to 200 deg.) results in an increase in ampere 
turns of only 25 per cent.* Thus doubling the temperature 
rise and rotor loss results in a gain of only 25 per cent in output. 

Temperatures much above 150 deg. in connection with very 
long rotors are not considered favorably on account of the 
danger of trouble from “creeping” of the winding caused by 
linear expansion. 

Transportation facilities may impose a limit to size in the 
case of six- and eight-pole 60-cycle generators. With the 
larger two-pole, 25-cycle and four-pole, 60-cycle generators 
now being built, the stators are now too heavy for convenient 
handling and transportation, and they are assembled in place 
at the power station. Rotors, from the special nature of their 
design and the special skill and equipment required for wind¬ 
ing and assembling, should be completed at the builder’s fac¬ 
tory and shipped as a unit. The weight of the complete rotor 
of a four-pole, 1800-rev. per min. generator of 40,000 kv-a. 
capacity will be roughly 90,000 pounds. This can be trans¬ 
ported without difficulty, but the largest possible 1200-rev. 
per min. rotor would weigh more than 200,000 pounds, and 

would require rolling stock and trackage (in some cases) not 
now available. 


Another general limitation to output that applies to the 

larger diameter rotors is that imposed by the forging facilities 

ot the country. At the present time it Is not possible to obtain 

forgings of suitable physical characteristics weighing more 

than 50 to 60 tons nor much larger than 50 inches (assuming 

a minimum amount of working down from a 72-in. ingot). 

1 his limits the rotor, made from a single forging, to an output 

o roughly 50,000 kv-a. at 1500 rev. per min., and a propor- 

lona e y ecreasing kv-a. at lower speeds, assuming a solid 

rotor. By adopting the rotor construction involving two or 

, mch pIat f and u P-set flanged shaft ends, the limiting 

^ fonn may be lncreased sufficiently for the largest 1500- 
and 1200-rev, per mm. outputs, sh own by Fig. 4. The design 

tioml wS ° f ^* POiat iS 00ntained in author’s paper, “ Ra- 

fI“ 9 p i?S.t u SS“ 1 "'* A ' a 
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of 1200- and 900-rev. per min. generators for maximum 
output will be governed by questions of forging and shipping 
facilities, rather than by more strictly design matters. 

Fig. 4 shows in curve form limiting generator capacities 
at various speeds. At 1500 rev. per min. and higher, the 
capacity is determined by the rotor and is inversely propor¬ 
tional to the rev. per min. squared. At lower speeds, the ca¬ 
pacity is limited by the stator and falls somewhat below the 
corresponding rotor limiting capacity as indicated by the dotted 
extension of the rotor curve. This curve is actually based 
on constant core length, when, as a matter of fact, the length 
can, with reason, be increased as the diameter is increased. 
The curve ratings, however, represent maximum lengths of 



Fig. 4 

core so far employed, and material extensions in core length 
involve questions of linear expansion that must be very care¬ 
fully considered. This limiting capacity curve represents ca¬ 
pacities that can be obtained with existing commercial mater¬ 
ials and without radical changes in stresses and bearing pro¬ 
portions. The curve does not represent limits that may not 
be exceeded in the future. It is, more properly, an indication 
of present boundaries—boundaries that will be extended as 
our knowledge and experience are increased. It represents 
also the present judgment of designers, a judgment influenced 
greatly by the economic and operating advantages of still 
larger ratings. 

The capacities shown by the curve are somewhat in advance 
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of accomplished results. Ratings of several turbo generators 
that are the largest that have been placed in operation or are 
under construction by the Westinghouse Electric and Manu¬ 
facturing Company have been added to Fig. 4 with self-explan¬ 
atory comment. 

As previously explained, the limiting capacities given for 
speeds below 1500 rev. per min. can only be attained by ex¬ 
ceeding present transportation facilities if present design types 
are adhered to. 


Incidentally it is interesting to note the advantage in limits 
gained by the use of 50 cycles as compared with 60 cycles. An 
increase of nearly 50 per cent in rating is made possible by 
the 20 per cent decrease in two-pole and four-pole speeds. This 
is of interest mainly when European and American maximum 
ratings are being compared. 

The bare mention of ratings larger than 50,000 kv-a. raises 
the question of limits to size of individual generating units 
imposed by operating considerations, such as the relation be¬ 
tween unit and station rating, the extent of the damage in 

case of winding failures, ability to withstand sudden short 
circuits and so on. 


While the detailed discussion of these questions is beyond 
the scope of the present paper, some design information affect¬ 
ing operating questions may be of interest. 


There is no reason for considering the larger low-speed 
generators less reliable than the high-speed generators in¬ 
dicated by limiting curve of Fig. 4. As a matter of fact, 
the lower speed ratings can usually be designed, both in 
stresses and in electrical factors, with more margin. 

Mechanical forces developed by short circuits are deter- 
mine y the short-circuit ampere turns of the armature 
winding per inch of armature circumference—and, to a limi¬ 
ted extent by the density of the magnetic field set up by the 
01 \ mn , mg ‘ Both the distribution of ampere turns and 

, 0 1 the airga P magnetic field are substantially 

stant for all limiting ratings of a given frequency. While 

tha/ffT 8 devel ° ped m a 2 5-cycle generator will be greater 
13t Cyde generat °r-due mainly to lower reactance 
,il here , SUl in f5 eater Values of am P ere turns—all 60-cycle 
eauaf Wp 1C H ted ^ limitin « curve ^ have substantially 

in the coil sudc * en sbor t circuit. The stresses 

h coxl ends ml} be determined by these forces and by those 
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factors determining the rigidity of the winding. Except pos¬ 
sibly in the maximum size 1500-rev. per min., 25-cycle gener¬ 
ator, with its long coil-end extension, there need be no material 
difference in the rigidity of the winding. Thus a 50,000-kv-a., 
25-cycle, 1500-rev. per min. generator represents the most 
difficult design from the standpoint of short-circuit stresses. 
However, such a generator would not differ materially in short- 
circuit stress conditions from 30,000-kv-a., two-pole generators 
that have been in successful operation for three years. It 
can be stated with confidence that the danger of winding fail¬ 
ure due to sudden short circuit, with generators of the indicated 
limiting outputs, will be no greater than 20,000- and 30,000- 
kv-a. generators that have been placed in operation in large 
numbers during the past six years. 

Another question of interest to those responsible for the 
operation of large generating units is the extent of damage 
to winding in case of internal short circuits caused by failure 
of insulation between turns of the same coil or failure of insu¬ 
lation from copper to ground. Experience with large units 
now in operation has shown that, in the event of a winding 
failure that results in the flow of abnormal power current, 
the chances are that the entire winding will be destroyed and 
that a hole of considerable size may be burned in the core 
laminations. Generating units are already of such size that 
a winding failure usually results in the loss of output from the 
unit for several months. The results of failures in still larger 
generators will be of the same degree and will be no more 
serious except, of course, in that loss in kv-a. output will be 
greater. In this connection, it is pertinent to point out that 
the fusing of metal and other local effects of an internal gen¬ 
erator failure is a function of station capacity rather than of 
individual unit capacity. The volume of metal fused at the 
point of failure is determined largely by the impedance of the 
generating circuits feeding into the vault. Therefore, the only 
difference between a failure in one of two 30,000-kv-a. units 
and a failure in a single 60,000-kv-a. unit is in the impedance 
of the leads buses, and other connecting circuits between 
the two 30,000-kv-a. units. The two 30,000-kv-a. unit instal¬ 
lation has the obvious advantages that protective reactance 
may be installed between the units, and the trouble is usually 
confined to half the station capacity. 

The author has not intended to express an opinion as to 
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the wisdom of installing very large single-shaft units. The 
only purpose has been to point out from the design stand¬ 
point the feasibility of certain ratings. Whether it is desirable 
or even wise to install very large units—above 50,000-kv-a.— 
will depend very largely on the growth and size of generating 
stations. When stations double in size—when stations of 
300,000 kv-a. and 500,000 kv-a. become typical of American 
practise—there will undoubtedly be a demand of considerable 
volume for units of 50,000 kw., 75,000 kw., and 100,000 kw., 
and if single-shaft units are justified from the turbine stand¬ 
point, there is no question but that such generators can be 
conservatively designed and constructed. 
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Discussion on “Present Limits of Speed and Power of 
Single Shaft Steam Turbines” (Johnson), “Present 
Limits of Speed and Power of Single-Shaft Curtis 
Steam Turbines” (Berg), and “Present Limits of 
Speed andOutput of Single-Shaft Turbo Generators” 
(Newbury), New York, N. Y., November 14,1919. 

Philip Torchio : It was a little over twenty-four years ago 
that The New York Edison Company started the operation of 
the first steam turbine used in a central station in this country, 
not a stone’s throw from this building, at the West 39th Street 
st eam station. A week ago the same company put in operation 
a 35,000-kw., 1500-revolution single-flow machine, which is the 
largest machine designed for that speed. The machine of 
twenty-four years ago was a 300 h. p. and the present a 50,000 

h. p. . 

A few years after the first experiment on this turbine, built 
by the French De Laval Company, and operated for a few 
years with more or less success, the principal American electrical 
manufacturers started to build steam turbines. The first 
American built units were about 500 kw., but soon ascended to 
5000 and 7500, and in 1906 units of 12,000 were built; in 1908, 
the largest was 14,000; 1912,20,000; 1913,30,000; and m the 
last year units up to 45,000 kw., 60 cycle, 1200 revolutions, 
were built. 

I have not the statistics available, but probably two-thirds 
or three-quarters of the central station generating equipment 
today consists of turbo units. When we consider that the 
central stations furnish not more than one-sixth of the total 
power used in the country, aggregating considerably over 
100,000,000 h. p., and when we further consider such facts as 
were brought out by Mr. W. S. Murray, that by central station 
power generation, of which 93 per cent by steam and 7 per cent 
by water, savings in the order of $150,000,000 a year and more 
can be made on the northeastern seaboard section of this 
country alone, we are forcibly impressed with the importance of 
steam turbine design. 

•B. A. Behrend: In 1906 I stated in Cassier’s Magazine 
that: “The power station of the future will contain as many 
20,000-kw. units as the power station of today contains 
5000 kw. units.” I venture now, twelve years later, to go on 
record that the power station of the future will not contain the 
75,000 and 100,000 kw. units, of which ;we have heard a great 
deal in the papers presented this evening. 

The course of evolution is never always in one direction. 
The time must come when the limit is reached, and the down¬ 
ward process must be commenced. I desire to discuss briefly the 
reasons for the limitations of size from a slightly different angle 
from that adopted by the speakers. 

Beginning with mechanical stresses, as we"encounter_ them 
in the electrical machinery or in rotating machinery^like'steam 
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turbines, it must be emphasized that these are not static 
stresses, but essentially dynamic stresses. 

Stresses in bridge members are both static stresses and dy¬ 
namic stresses, according as the load of the bridge is a static load 
or a dynamic load. A live load, or a moving load, produces 
variable or dynamic stresses. In the rotating elements of the 
steam turbine, and of the electric generator connected thereto, 
the stresses are usually vibratory stresses changing both in 
magnitude and in sign. The shaft is bent in such a manner 
that at one period of the motion it is bent in one direction, and 
at another • period it is bent in the opposite direction, and 
therefore the material and its molecular structure are subjected 
to alternating stresses. The same applies to other parts. The 
ancient rules of the mechanics as they are taught unfortunately 
even at this day do not apply to the problems we are facing. 
We must view the theory of elasticity from the point of view of 
vibratory stresses. Mr. Berg has told us that the disks in 



Fig. 1 


the steam turbines may have perfectly safe static stresses, and 
yet they may be entirely unsafe because of vibration set up in 
the disk. The. maximum stress in a disk, subject to rapid 
rotation, exists in the center. In any ordinary test bar cut out 
of a plate, the test bar being shaped as test bars usually are, 
if a hole is made in it, the maximum .stress at the inner surface 
of this hole is in general twice the ordinary stress which appears 
in the section. Suppose we call this ordinary stress 10,000 lb., 
the maximum stress as it appears on the inner surface will be 
approximately 20,000 lb., but this stress will be a serious stress 
only if the ductility of the material is small. If the ductility of 
the material is high, then the stress will be distributed, and the 
material will flow and rupture will not occur as a result of the 
initial excess stress caused by the hole in the test bar. 

If two test bars are made of equal and high ductility, one 
containing a small hole one-thirty-second inch diameter, and 
the other having no test hole at all, both bars will rupture 
the same load. The same is not true with bars made of hard 
steel lacking ductility. 
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I see little or no mention made of the fact that hard materials 
must be avoided. The ordinary tempered steel referred to for 
thin disks is very hard steel, and I doubt if such steel in the 
form of a disk could be bent flat on itself, into the position 
Fig. 1, without showing any seams or rupture whatsoever at 

the point A. 



The elastic limit is, after all, only one criterion of the quality 
of material. Material for these disks must be ductile and must 
bend flat on itself, cold, without rupture. If it does show 
rupture, you may be fairly secure in your assumption that that 
material is unsuited for the use to which it is put, namely, 
resistance to stresses reversing in magnitude and sign. All 
fractures with which I have been familiar have been due to 
vibratory stresses. I know of no failure of any part of a ma¬ 
chine occurring under a pure static stress. There may be such 
failures, but they are unknown to me. 



Reference to the limitation of capacity being due to the 
turbine only is, in my opinion, incorrect. 

The rotating end bells are stressed to such a point that it 
became necessary to make them as thick as possible so as to 
reduce these stresses to a point where a satisfactory material 
can be obtained. The stresses run up to 30,000 lb. per sq. in. 
under normal conditions, and the ultimate stress of the material 
is approximately 100,000 lb., with a ductility measured by an 
elongation of 20 per cent and a reduction of area of 40 per cent 
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in a 2 in. sample. The test bar in breaking must show a frac¬ 
ture like Fig. 2., and making these end bells is no small task, as 
they are subject to tangential stresses, so that the work of 
forging has to be done in such a manner that the material is 
homogeneous tangentially, Fig. 3. A test bar taken radially 
would show a very greatly reduced “strength” in the sense in 
which I am using that term, though the elastic limit might be 
the same, yet the ductility would be less, and therefore the 
“strength” would be less, so that you see that the term 
“strength” now means something different from what it meant 
thirty years ago, as it now includes ductility, whereas twenty 
years ago it meant nothing but the elastic limit, which is some¬ 
thing quite different. These end bells, if thickened too much 
will make it impossible to put the rotor into the stationary 
element and therefore a limitation of construction lies in the 
length of the air gap. 

These machines have not been in operation long enough for 
us to come to a definite conclusion as to the life of the structure. 
Fatigue may not become apparent in ten years, and yet later 
fractures may occur, due to fatigue. You may say, as Pro¬ 
fessor Scott likes to say, “You are pessimistic, as usual.” I 
do not say this is going to happen. I say that vibratory stresses 
are dangerous, and that we have not had sufficient experience 
in regard to vibratory stresses to understand their effects 
thoroughly. It is to be hoped that the societies interested in 
testing materials will make tests with vibratory stresses, as our 
mills will not now accept specifications based on vibratory 
tests. 

These remarks tend to show that there are limitations in the 
design of the electric generator and therefore the assertion made 
tonight that the limitation of units is entirely a question of the 
design of the steam turbine cannot be upheld. 

To sum up my remarks, we are confronted with great engi¬ 
neering problems the ignoring of which will do us no good, but 
the bold and courageous facing of which, with all the knowledge 
that can be brought to bear upon the subject from every 
possible angle, will lead to success. 

The course of evolution, as I said at the outset, cannot always 
be.upward. The size of the machine, as far as cost is concerned, 
decreases to. a certain point, and beyond that point it increases. 
Another point of importance is the increase in the armature 
current in machines of 50,000 kv-a. or over, which makes the 
problem of reducing the heating of the stator coils a difficult 
one. The loss which is troublesome to the designer is the loss 
produced in the stator coils as the result of eddy currents. 
That trouble increases with the increase in the cross sectional 
area of the coils. It may become necessary to increase the 
standard voltages now in use in order to obtain smaller conduc r 
tors in which it is possible to reduce the eddy current losses to 
such an extent as to make the machines safe as regards coil 
heating. 
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W. L. R. Emmet: I' have always thought it a strange 
condition that construction so radically different as the two 
types of turbines present in these papers should co-exist, but an 
analysis and examination of these papers, gives a good explana¬ 
tion of it. Both machines described show the evidence of 
highly scientific study, and the justification for either mi ght, be 
expected to be found in the results which they have produced. 

These papers do not give direct comparisons. Mr. Berg’s 
paper simply seeks to show the limitations imposed by rating 
up of machines. It gives a condition which corresponds to the 
highest economy obtainable with a machine of that type, and 
then shows the consequences of modifications of design or of 
increase of rating. Mr. Johnson’s paper shows the general 
characteristics of limit of design, and gives a very good analysis 
of all the strains and conditions existing in the turbine, and a 
statement covering the whole field rather more particularly 
than Mr. Berg, who simply speaks of two specific turbines. 

The inherent differences between the impulse and the reac¬ 
tion turbine might be stated as follows, as I understand them— 
of course, I understand the impulse turbine very thoroughly, 
whereas all of the limitations of the reaction turbine I do not 
understand, although I have studied it to some extent, generally 
speaking, in certain ways the less work you do in a single 
operation in a turbine, the more perfect the operation; that is, 
if you put a small amount of work into a stage of the impulse 
turbine, you can get rather more perfect nozzle action, and a 
rather better performance. The Parsons type turbine gives 
this condition, and in that respect is very good. It has, how¬ 
ever, the disadvantage that it is more affected by leakage, and 
that the action of the stationary parts on account of leakage and 
other conditions, is presumably less definite, whereas in the 
impulse turbine, the leakage is very small, and the action of the 
stationary part, by suitable proportioning and using ample 
space, can be made very efficient. Thus by a good propor¬ 
tioning of the stationary part, quite high steam velocities may 
be justified, although in this type, also, the use of high steam 
velocities and the concentration of a large amount of work in a 
single stage, is not without its relative disadvantages. 

Something has been said concerning these papers relating to 
limits of capacity, and I am rather inclined to agree with Mr. 
Behrend that there is no particular reason for building very 
large turbines; that is, there has been a good deal of demand 
for very large turbines, but the justification for them is not 
very apparent to me. With turbines of the type we build, 
such as described in Mr. Berg’s paper, there is a distinct 
disadvantage in going to large sizes involving low speeds. On 
account of the great diameter of the wheels, there is a waste of 
space involved and practical difficulties in diaphragm construc¬ 
tion and the physical structure of the stator becomes excessively 
large and is rather objectionable. The large double-unit 
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machine which has been built by the Westinghouse Company 
in which the low-pressure element operates at a low speed is a 
splendid machine, but these machines are quite large and expen¬ 
sive, and there seems to be some question as to whether two 
entirely independent units, each one complete in itself, may not 
be about as good a solution of the problem, as far as the user is 
concerned. The effects of congestion in the low-pressure 
stages which is a thing which chiefly governs the rating and cost 
of turbines is a very important matter, but it is extremefyhard 
to get at any numerical comparisons, and people must judge 
about the relative values from experience or from the guaran¬ 
tees which are offered, and by experience in use. 

I can see a certain disadvantage in running very high bucket 
speeds in a machine of the reaction type, on account of concen¬ 
tration of a large amount of work in a single row of blades, 
discrepancies in the areas of successive blades, and such things 
as that in the low-pressure end, but I cannot say, quantita¬ 
tively, what these limitations may be, so I really do not know 
very well what the economic limitations are of such turbines 
as some of those which have been described. In our machines, 
I do know very w T ell what these limitations are, and Mr. Berg’s 
paper has tried to make the whole matter perfectly clear. 

If I have understood or observed the practise of Mr. Parsons 
himself, he has not gone in for very high bucket speeds in the re¬ 
action turbines. The construction now used by the Westing- 
house Company from the mechanical standpoint seems to be con¬ 
servative and good, but what its efficient limitations may be, I 
do not very well know. I cannot altogether agree with Mr. 
Behrend’s generalizations on the subject of vibrating and 
static strains. If we could not calculate upon or predict the 
nature of vibrating strains, we could not build. anything 
because almost everything is subject to motion. However, 
there are pretty definite laws which govern the question as to 
whether things do or do not vibrate. One of the essentials of 
sympathetic vibration is the rather perfect state of elasticity, 
and many structures which are used in motion, are very far 
from that perfection of elasticity, which will enable them to 
vibrate synchronously with any periodic force. As an example 
of that, I might refer to an armature mounted on a shaft—the 
shaft may be regarded as an elastic structure loaded; but in 
point of fact what it is is an elastic structure, the shaft upon 
which a very inelastic load of material is attached; that is the 
laminations are upon it, and these laminations make it rela¬ 
tively inelastic. In the same way these rings or end bells 
described here are loaded by masses of coils giving very high 
weight, in proportion to the elastic strain on the ring, and also 
this mass on it is, in itself, giving a condition particularly 
favorable to dead running, so I would really, without hesitation, 
put a strain on such rings to the highest possible degree, without 
any fear of their being broken by vibration. 
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As to this question of periodic motion, it is the cause in my 
opinion of the breaking of certain wheels in the General Electric 
turbines, and some of the possibilities of that situation were 
beautifully illustrated the other day in Schenectady. We 
made up out of rubber two or three wheels some rather thick 
w ith heavy edges, and some thinner with light edges. These 
edges were loaded with little staples hooked through them in a 
manner equivalent to the load imposed by turbine buckets on 
wheels, and the wheels marked out like a checkerboard. Holes 
were put in the wheels, they were then revolved on a shaft, and 
the shaft was made to actuate a high potential spark at one point 
of its revolution, so that the result of this, when running m the 
dark, was that this wheel apparently stood still, with an exact 
and perfect definition of its markings. The dry skm^ on the 
surface of the rubber was even visible upon close examination, 
and as the wheel loaded up, you could see the skin on the surface 
of the rubber crack, and draw into various forms, indicating 
the various distribution of strains around the holes, and t e 
lines we drew on the wheels were distorted. 

This gave us a beautiful illustration of the nature of centri¬ 
fugal strains in such a wheel. That is what we did it for, and 
did not expect to show anything else. But m the case of the 
lighter wheel when we came to run it up to a given speed, we 
began to see something else, and that something was this 
that the edge of the stationary wheel slowly began to work 
around like a snake, crawling slowly 

it would have three or four points in it thatwouldT^wormj 

trave/faster hit not ^proportion to the increase in the speed 

of the wheel,’ showing the state of 

had some tendency to equalize itself throug p 

which was not an accident. i. t>,p V were all very 

With the stiffer wheels we had, alAough. th_y g ^ 

limber, made of & We could not run them at a 

we could not produce that etiect. vve 

speed so they would stay on the shaft, and at the same time 

“referdlv spStaS'all tendencies to vibration and particu- 
Generally speaking, turnnob vibration, dimmish very 

larly all tendencies to “jury th gh the local stra in 

rapidly as the object is maae si v m ra tion is simply a ques- 
produced by a certain amplitude of f ^ration ^is^^ 

tion of the degree of t i„ decree of elongation is very 
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very light method of bucket arrangement which made the rim 
of much less weight, and made a great lightening of the web 
p ? ss -£r e . m con£ >iderations of centrifugal force alone. Lack 
of stiffness in the rim as well as in the web conduce to this tend¬ 
ency to motion. These rubber wheels showed that, because it 
was only with the light rim that such motion was produced 
Mr. Berg stated in his paper that the generators can be made 
up to the limits of the possibilities of the turbine. That applies 
of course, to a turbine of a type which he speaks of, but if you 
made a double-flow turbine of the same speed, you would soon 
get beyond the capacity of the generator, and I personally do, 
not think that there is very much practical advantage in trying 
to build a turbine up to the capacity of the generator in that 
way. # A double flow turbine of the same type could be made 
of twice the capacity, but it would not be any more efficient 
and would be quite complicated and large, and you might 
find it necessary to have two generators, and probably would, 
and 1 think it is better to keep to a reasonable size, and have 
independent turbine units. 


, W- J - Fof te f: Mr. Newbury has very kindly asked me to 
tell you of the largest generators which have been built by the 
General Electric Company, and I will begin by telling you that 
about five years ago there were three 30,000-kw., 25-cvcle 
generators put into operation. These were 25-cycle generators 
at 1500 rev. per min. Since that time we have put into service 
several 35,000-kw., 25-cycle generators, and one of approxi¬ 
mately 39,000-kv-a. at 90 per cent power factor, now oper¬ 
ating for one year. 

In the 60-cycle line, we have several 6250-kv-a. 80 per cent 
power factor, 3600-rev., and one 7500-kv-a., 6000-kw., 80 per 
cent power factor, that has been in operation about one year, 
and we are building 3600-rev. per. min. generators up to 9375- 
kv-a. at 80 per cent power factor. 

In the 1800 rev. per min. we have quite a number of 31,250- 
iev-a., 80 per cent power factor and some 33,333-kv-a. at 90 
per cent power factor and we are building 40,000-kv-a. at a 
power factor of about 85 per cent. 

In the 1200 rev. per min. we have had a- 50,000-kv-a. in 
operation about one year. 

• ^ r ' Newbury’s curve, which I think is an excellent one, and 
is scientifically correct, is based apparently on 80 per cent power 

statement which agrees with my experi- 

ei -+v7fi7 at % e i! mit peached m the rotor, and not in the stator, 
with these high-speed generators. In the curve Mr. Newburv 
draws, if we remove the power factor restriction, and put it on 
a unity power factor basis, the capacity can be raised about 20 
per cent. In my experience, there is no trouble with such 
temperatures as Mr. Newbury mentions in at once going to 
0 per cent higher kv-a. output on that curve for any given 
speed. In other words, it has been my experience to design 
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the generators for lower temperatures. They are in the 105 
deg. and not in the 150 deg. class, and that is also true in the 
case of practically all of the 60-cycle generators which have 
been built by the General Electric Company up to date. 

The question as to how lower temperatures may be obtained 
in the stator is one which Mr. Behrend touched on. I hardly 
know why he considers the matter of eddy currents so formid¬ 
able. It may be impossible to design a machine without some 
eddy currents, but there is no need of having them in anything 
like such quantities as to imperil the life of the machine or to 
cause excessively high temperatures. 

There is a point with reference to the voltage—when it 
comes to the very large sizes—the further up we go in capacity, 
the higher the voltage must necessarily become. If we should 
build 90,000- or 100,000-kv-a. generators, it would be difficult 
to build them in less than the highest voltages at which we are 
now building generators. I think it is possible with 1200 rev. 
at the present moment, by new equipment, but not making 
such a radical change as we made six or eight years ago, when 
we stepped up to 30,000 kv-a., to build 90,000-kv-a. 1200- 
rev. machines. 

In Mr. Newbury's paper reference is made to the ventilation, 
—axial and radial. I claim that the radial ventilation 
presents greater possibilities in furnishing larger surfaces for 
the cooling media to remove heat from the parts where it is 
generated, from the iron and from the windings. The coils 
are exposed at short intervals, and thus large areas of them 
exposed to the cooling air. In addition large surfaces of the 
core itself are exposed so that heat removal is far more effective 
than in anything I can conceive of as attainable in axial 
ventilation. The holes in the core that are put there for the 
air to pass axially, cannot be right in the teeth, to any great 
extent. They cannot be very close behind the teeth, except at 
a considerable loss in efficiency. The area of the walls of the 
holes must be small in comparison with the area which sur¬ 
rounds the numerous small sections in the radial ventilation. 

I remember in one of our 31,250-kv-a., 11,000-volt machines, 
where a careful analysis was made of temperature drops from 
the inside of the coils, the temperature drop from inside the 
coil to the outer surface of the insulation or through the insula¬ 
tion, was between 30 and 31 deg. The drop from the coil 
surface through the short space of laminations was 4 deg., and 
from that surface to the air was 12 deg., even at the low rate of 
flow we had at that time. 

A statement was made, I think, in the paper, that in the case 
of radial ventilation, the area of entrance at the two ends of the 
machine is limited. That is true. But we are discussing now 
what has been done, and what is possible, and I wish to point 
out that several years ago, the first General Electric machine 
embodying the multiple flow of air in a strictly radially venti¬ 
lated core was installed. These machines have been tested out 
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with the ventilation both ways—the air passing in simply at 
the two ends of the machine, and compared with air passing in 
with multiple paths, and the result has been a decidedly lower 
temperature with the air in multiple paths. That idea can be 
carried further, and so the possibilities of running at lower 
temperatures are many. 

I do not see at all that it is necessary to have the stator as a 
limiting feature in the low-speed machines. If I were drawing 
a curve for Mr. Newbury, a practise curve, I should be inclined 
to put the heavy line on the other side of the dotted line, but I 
agree with him that in the lower speed machines, the chances 
for lower temperatures in the rotor are better, inasmuch as with 
the larger diameters it will be possible to ventilate the rotor to 
a certain extent which is not practicable in very small diameters. 

Mr. Newbury makes a reference to periodicity, and he speaks 
of the advantage of 50 cycles over 60 cycles. I agree with him. 

Alexander M. Gray : As to the theoretical limits of single¬ 
shaft turbo alternators discussed by Mr. Newbury, such 
alternators have been built with an output of 45,000 kv-a. at 
1800 rev. per min. and one naturally wonders what is the 
maximum output that may be obtained at this speed. 

The rotor diameter is not limited by the disk stress but rather 
by the hoop stress in the end connection retaining rings. In 
the case of a 51-in. machine rotating at 1800 rev. per min. the 
peripheral velocity at 24,000 ft. per min., the stress in a coil 
supporting ring of this diameter due entirely to its own weight 
is 15,000 lb. per sq. in., and this ring must also support the end 
connections. 

The maximum rotor excitation. For a given stress in the rotor 
teeth there is a certain slot depth which gives the largest slot 
area. The number of ampere conductors that can be placed in 
this slot is limited by the internal temperature and a consider¬ 
able portion of the temperature drop is through the rotor slot 
insulation. This drop can be kept reasonably low by the use 
of a large number of rotor slots, so that there is a large surface 
through which the heat may pass. It has been shown elsewhere 
that with a tooth stress of 14,000 lb. per sq. in. and 100 deg. 
cent, temperature rise above the entering air, the maximum 
excitation is about 1000 ampere turns per pole per inch of rotor 
diameter, or 51,000 ampere turns per pole, for a 51-in. machine. 
Ihe maximum .stator excitation: In the stator m. m. f. with 

Sr j a< * curre . n ^ - ls e Q ua l to the maximum rotor excitation, then 
the demagnetizing effect is such that on low power factor the 
generated e. m. f. is practically zero, and the regulation of the 
machine exceedingly poor. Machines are now built with the 
armature ampere turns per pole as large as 0.6 (maximum rotor 

oaaaa on ^ case ^he 51-in. machine, this value is 

ou,U00 ampere turns per pole. 

The generated electromotive force can readily be determined if 

^ nsit y is known. The flux density is limited 
ny that m the stator teeth and if we assume the stator tooth 
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density to be 100,000 lines per sq. in., and the ratio of tooth to 
slot equal to 1.1, reasonable value for 13,000-volt insula tion, 
then with a peripheral velocity of 24,000 ft. per min. the voltage 
induced in the conductor is 1.88 volts per in. of iron, and 65 per 
cent of this value per inch of machine. This gives along with 
the figures for armature excitation a value of about 450 kv-a. 
per in. of iron. 

The axial length of rotor. This is limited by the alternating 
bending stresses in the journal, it being assumed that the 
bearing holds the journal horizontally. With 19-in. water- 
cooled bearings the rubbing velocity is 9000 ft. per min., and 
with such bearings the length of a 51-in. rotor between bearing 
faces is 310 in., if the bending stress is limited to 5000 lb. per 
sq. in. This stress, be it noted, is alternating. 

With a length between bearing faces of 310 in., the effective 
rotor length will be about 230 in., and the output about 
70,000 kv-a. 

Summary. The maximum output of 
an 1800-rev. per min. single-shaft, 
turbo-alternator, is about.70,000 kv-a. 

The rotor diameter.51 in. 

The peripheral velocity of rotor.24,000 ft. per min. 

The temperature rise of rotor conduc¬ 
tors .100 deg. cent. 

The armature m. m. f. at full load 
equals 0.6 of the maximum rotor 
excitation. 

The flux density in stator teeth.100,000 lines per sq. in. 

The ratio of tooth to slot.1.1 

The bearing diameter.19 in. 

The rubbing velocity of bearing.9,000 ft. per min. 

The axial length of the rotor and stator 
conductors will be about......240 in. 

I do not suggest that the machine such as the above should 
be built. There will be undoubtedly manufacturing troubles 
due to the length of coils, and also trouble due to the movement 
between conductor and insulation, because of the increase of 
length with increase of temperature. It is possible to reduce 
the length of the machine and the various factors in the above 
summary are open to attack. 

R. B. Williamson: I desire to discuss Mr. Newbury’s 
paper on “Present Limits of Speed and Output of Single-Shaft 
Turbo-Generators.” The various elements that go to limit the 
possible output of a turbo generator operating at a given speed 
have been well brought out by Mr. Newbury in the present 
paper. In this type of generator the mechanical considerations 
are equal to if not of greater importance than the electrical 
features and as the two are more or less antagonistic the design 
as a whole must be a compromise. In the higher speed ma¬ 
chines the maximum possible output is at present limited by the 
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rotor while in large slow-speed generator the stator becomes the 
limiting factor. 

So far as the rotor body is concerned this is made of carbon 
steel and as pointed out, the peripheral speed of 400 ft. per sec 
is as high as it is advisable to run on the higher speed machines 
With lower rotational speed the peripheral velocity might if 
necessary, be allowed to go higher than this so far as"tooth 
stresses are concerned, because of the lower angular velocity 
which is of the most importance in determining the centrifugal 
stresses. It should also be remembered that higher peripheral 
speeds result in greatly increased skin friction loss. If rotor 
bodies could be made of alloy steel, the stresses might be pushed 
higher and larger limiting output thereby secured but this kind 
of steel when used in large masses is very liable to develop 
cracks and at present is not reliable for this purpose. Attempts 
to use this steel for large shafts in other classes of machinery 
have shown this to be the case. For the coil supporting rings 
at the ends of the rotor it is necessary to use alloy steel but here 
the cross-section is comparatively small and the metal is very 
thoroughly worked during the process of forging and expanding 
the ring from a solid piece. Test bars from'these end rings 
almost invariably show uniform physical qualities. As indi¬ 
cated in the paper, these end rings may have an influence on 
the maximum possible output. Referring to Figs. 2 and 3, 
of the paper it will be noted that the rotor coils project straight 
out beyond the core. Unless the wedge used for retaining the 
coils in the rotor slot is made very deep, which is undesirable 
because of the loss of valuable copper space in the rotor slots, it 
follows that the outer diameters of the end rings will be trreater 
than the outside diameter of the rotor body as shown in Figs. 1 
aa d 2* The inside diameter of the stator laminations must be 
slightly larger than the outer diameter of the end rings so that 
the rotor can be slid into the stator, thus the minimum air gap 
may be fixed by the end rings which thereby indirectly affect 
the ampere turns to be supplied by the rotor and the possible 
limiting output for a given speed. 

Referring to the radial system of ventilation, Fig. 2, the 
amount of air that can be passed through a stator is limited if 
f 6ls P as ? e< ^ through the air gap because the cross section 
of the gap is necessarily limited. However, it is entirely 
practicable to use the radial system by introducing the air at 
the back of the laminations between the latter and the stator 
yoke or casing and blowing it radially inwards against the rotor, 
the air then reverses its direction of flow and passed out radially 
through the adjacent parts of the stator core. By this means 
any quantity of air required can be handled readily by providing 
a suitable number of parallel paths, and the air inlets at the 
. cic , ,h. e laminations can be made of ample area to keep the 
n’!T I? ocl ? es reasonable limits. This arrangement also 

hasthe advantage of introducing cool air into the center of the 
achine where the parts normally attain highest temperature. 
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Thi« method of ventilation has worked out successfully in 
machines having a ratio of stator length to inside diameter of 
3 to 1 and the results obtained indicate that much longer 
stators could be ventilated in this way and still maintain the 
central portions within the allowable temperature limits. 

Referring to the curve shown in Fig. 4 the ouptuts indicated 
■me as stated by the author, somewhat in advance of anything 
so far accomplished. For example at 3600 rev. per min. a 
possible out put, of 10,000 kv-a. is shown. Machines have been 
in operation for some t ime that have carried loads as high as 
7500-8000 kv-a. at 3600 rev. per min. in regular commercial 
service. Of course these generators have long rotors, but we 
are of the opinion that an ultimate output of 10,000 kv-a. at 
3600 rev. per min. could be obtained as indicated by Mr. 
Newbury without going beyond the limits o! present materials 
provided such output should he considered desirable for the 

steam end of the unit. 

Francis Hodgkinson : 1 he limit, of capacity ot a steam 

turbine is exceedingly hard to discuss because of its elasticity. 
Whv should not one’of the turbines which have been described 
have their diameters slightly increased, and be provided with 
slinht.lv greater lengt h of blades when the turbine would have a 
corresponding increase in its capacity. I o what, extent such 
S mav lie done. and wlml should be the limits of stress, 
is largely determined by the judgment of the designer 1 his 
applies to the ealeulated stresses of centrifugal force, etc., but 
in addition to t hese t here are the obscure vibratory stresses to 

which Mr, Behrend refers. 

jj jj. (lihieulf to draw definite lines to which materials may be 
stressed when combined with indefinite vibiutoiy stiesses and 


temperature strains, the result, ot the inner and outei paths of 
the revolving limits being at. different, temperatures on a change 
of tel or operating conditions. To do so is, after all, to 
determine what risks shall be taken. 1 he designer is some¬ 
times in an unfortunate position, in that commercial pressure 
is brought upon him to increase speeds and dimensions beyond 
‘ e considers best, judgment, which at times is haid to 




Turbines have in< * reused in rapacity ut late y eais # 
manner Mr. Torchio has recited and as far as my nssoc.ai.ion 
with them has been, concerned, i have always tell that t * , y 
increase of size should be accompanied by an increase in the 

dt Mn JtehremU^is discussion, touched on some real truths. 
Of course he referred principally to the type of turbine built 

by corn scUt * s h e < Scribed would stand the 

say that any ot the untune <ush.s nt * . . , 

destructive bending tests which Mr. I,eh V, 1 ., 1 S li <3 

desirable, I believe they would pass suchchit 

perfectly well, but such material, duetdeandstiong though it 

may be, would still be unable to resist continued vibiatory 
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given as to the method of obtaining the test specimens or their 
location with respect to the finished wheel. 

Now, on the face of it the element of safety would seem to be 
greater with the heat treated alloy steel disks of the G. E. 
design than with the annealed disks of the Westinghouse 
design, since the margin between the calculated stress and the 
elastic limit of the material is greater. 

The reverse, however, would seem to be the case since Mr. 
Berg's report mentions several failures of their design and Mr. 
Johnson reports no failure of the Westinghouse design. From 
my own knowledge, I would not pretend to offer a definite 
opinion on the cause of the accident to the disk wheels or to 
question the accuracy of Mr. Berg's diagnosis of the trouble, 
but I submit that his explanation does not take into considera¬ 
tion the fact that the failure of the disk occurred where the 
calculated stresses were lowest but where the unknown internal 
stresses would probably be highest if a disk of substantially the 
same form shown in Fig. 3 were quenched by immersion. 

I wonder if any one has had such experience as will enable 
him to tell us that we can heat treat a disk and know when we 
get through that the disk is free from internal shrinkage 
stresses? 

Recently the Emergency Fleet Corporation placed a contract 
for eight twin-screw troop ships, each screw being driven by a 
cross-compound single-reduction geared turbine of 6,000 s. h. p. 
or 12,000 s. h. p. total for the ship. 

The element of reliability was, of course, of extreme import¬ 
ance on a troop ship and overshadowed all other design stresses. 
However, before the vessels were under construction and the 
final contracts for the turbine let, the war was over, and it was 
decided to convert the vessels into passenger steamships. 

While reliability was still of the utmost importance and we 
wanted, if possible, to secure turbine units which would be free 
from the troubles which had been so prevalent on the smaller 
cargo vessels, it was necessary that the design take into consid¬ 
eration high economy as well as reliability. It was realized 
that the turbine designers task in satisfying the dual considera¬ 
tions of reliability and economy would be simplified by using 
material permitting high unit stresses. 

Very little exact information about the character of alloy 
steel which we would receive from the mills was available to us, 
but, we did know from general experience during the war that 
the mills were not making extra good material and it was diffi¬ 
cult and unreasonable to attempt to force them to produce the 
large quantity required and hold them to close limits of quality. 
Furthermore, our inspection facilities were inadequate to 
competently handle such an exacting task and our experience 
had not warranted us in dispensing with all inspection so it was 
finally decided to limit the designers of the turbines to the use 
of ordinary commercial carbon steel with no heat treatment 
other than thorough annealing and all calculated stresses had 
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to be based on and kept well within the elastic limit of such 
material. 

We realized that we were open to criticism for being ultra¬ 
conservative, but, we could not secure information warranting 
us in taking any other course and we were particularly uncer¬ 
tain about the possibility of successfully heat treating alloy 
steel disks for turbine wheels. 

While the information would be too late for use in the con¬ 
nection just mentioned, I would ask Mr. Berg to give us some 
inf ormation about the heat treatment of the disks of his design 
and the test methods used for determining that the elastic 
limit mentioned existed in the disk itself. It is recognized, of 
course, that it is not difficult to obtain by heat treatment an 
elastic limit of 55,000 lb. in a small bar of uniform section such 
as is used for test pieces. 

B. A. Behrend: As to thejpoints brought up by Mr. 
Emmet and Mr. Hodgkinson, I may point out that vibratory 
stresses need not be stresses due to resonance. Vibratory 
stresses are all stresses which change in direction. If resonance 
occurs, there will be more rapid destruction in a shorter time 
interval. Where there is no resonance, the time period is 
lengthened out before fatigue occurs. 

Comfort A. Adams : Mr. Behrend's remarks in regard to 
the fatigue of metals are very interesting. It may cheer him 
to know that a very elaborate fatigue phenomena research is 
now being conducted at the University of Illinois by Prof. 
H. F. Moore under the auspices of the Engineering Division of 
the National Research Council. More than $20,000 per year 
is to be expended for at least two years, of which $15,000 per 
year is contributed by the Engineering Foundation. 

Just a word in regard to the electrical end of this problem. 
Mr. Newbury pointed out the objection to using high tempera¬ 
tures and the very slight gain in output due to allowing exces¬ 
sive temperatures of the rotor conductors owing to their 
increased resistance. Is it not possible that the longitudinal 
expansion at high temperatures and the consequent slipping of 
the conductors through the insulation would constitute another 
limitation to temperature for any given length, or a limitation 
of length at the higher temperatures. 

Farley Osgood: I have heard nothing said from the 
operators’ standpoint in this matter of turbine design, the dis¬ 
cussion, which has consumed virtually the entire evening, 
having been confined to the designers’ arguments. It is the 
custom to separate the sheep from the goats, and it seems well 
that now we do so, in that as the discussion up to date has been 
held by the sheep, whereas nothing has been heard from the 
goats, namely, the users, who are in the very large majority, 
and who are the victims of the enthusiasm of the designers, as 
we all know. It gives me some consolation to hear less talk of 
50,000- and 70,000-kw. units, the authors having confined their 
discussion to units approximating a 30,000 kw. limit in design. 
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From the standpoint of the operators there are some very 
important features which do not seem to have been touched on 
specifically this evening, and they might very properly be 
divided into four classes: 1. continuity of service; 2. capa¬ 
city of unit out of service during periods of repair; 3. invest¬ 
ment cost of units out of service or for spare; 4. length of time 
to make necessary housekeeping repairs to the units. 

As to the continuity of service, I believe the designers now 
lnve sufficient experience to guarantee a very high percentage 
of continuous service of a unit if they do not permit then- 
enthusiasm to take them into sizes which lead them into more 
or less uncertain, and certainly untried, fields of strains in the 

As to capacity, 1 think it, is a matter lor the decision of the 
operator, rat her t han the designer, to elect the percentage of 
his whole capacit y which he can afford to have out of service at 
the time of regular or emergency repair, and the operators’ 
enthusiasm for improved efficiency from large units should not 
lead him to a decision which may ailed, his whole service, when 

his large units are off the line. . . 

The cost of these large units, as compared with their smaller 

relatives, should he carefully consideied, not so much ftom the 
standpoint of their value when running, which question they 
answer themselves by their performance, but from the stand- 
S of idle investment when the units have to be off the line. 

Finally, and most important of all, is the length of time to 
care for these large machines, and it seems to be clearly indi¬ 
cated by the papers that, such machines lequiie special tools, 
specially trained men, and usually factory work, when anything 
but the most minor repairs are made, and this ceitamly means 
long delays from every standpoint, so that a machine which 
can be cared for locally, either by the opeiating company s 
local machine'shops, has many advantages over a 
e requiring specialists and special faotoiy attention, al 
is from the time-out, standpoint. 1 have said befoie on this 
at, t he manufacturers give birth to the children, and the 
raters raise them and, as most, of us know what it means to 
raise children and take them through the various vicissitudes 
of early life, I think we can say unhesitatingly that the operating 
group are much more familiar with the behavior of the unite 
turned out hv the designers, than are the designers themselves. 
I am firmly convinced that the designers do not give enough 
attention to the units in operation, that they do not spend 
enough time on the properties of their several customers, to 
become intimately familiar with facts which should matena y 
assist, them in turning out a product which will be more satis¬ 
factory to both the maker and the user, and l bust that even 
in the rush of business, which seems to be upon everybody, the 
necessity of closer cooperation between the designers and ti c 
a so appreciated as to bring such a thing about. 
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I very much regret that there is no time for a detailed dis¬ 
cussion from the operators’ standpoint, as I notice a number 
of able operators here, who could add most usefully to the dis¬ 
cussion of this most important subject and, in fact, I was not 
aware that the entire evening was to be given up to the details 
of design, but I take the liberty of expressing a hope that the 
Chairman of the meeting at some time may have another meet¬ 
ing on this very important subject, at which the operators and 
the designers may be brought together and at that time the 
operators may be permitted to do the shooting instead of the 
designers, as has been the case this evening. 

Eskil Berg: I believe that Mr. Emmet has pretty nearly 
covered all the questions that were asked. However I would 
like to point out that the wheel discussed in my paper is a very 
conservative wheel, the elastic limit being 55,000 lb. which is 
as low we ever found in actual test. The great majority of 
wheels test 65,000 lb. or higher. We have, as a matter of fact, 
many wheels which are 100 inches in diameter running success¬ 
fully at 1800 rev. per min. 

With this wheel given, the best possible design is described, 
which under the steam conditions stated, is shown to be most 
economical at about 21,000 kw. It is also shown that by re¬ 
ducing the number of wheels the light load efficiency can be 
improved by a slight sacrifice of economy at higher loads, in 
which case the best point would be at about 26,000 kw. 

F. D. Newbury: Mr. Foster, in his discussion, advocates 
radial ventilation m preference to axial ventilation. Up to 
the present time neither system has reached its limit of develop¬ 
ment nor become a bar to further increase in rating. It has 
been necessary, however, in the case of the radial sys Lem to 
employ a four-path design, as described by Mr. Foster, for 

,W=> er generators while with the axial system the same 
conditions have been successfully met with a two-path design, 

°f the cooling air is introduced from the two ends of 
„ ? The four-path design can be employed with the 

W1 A no neater complication than in the radial, 
dops^thp ™ Hiff ial V st . em possesses greater possibilities than 

two nm-h rS'l Th f S 1S ’N C0Urse ’ due t0 the fact that in the 

f7 st : em the , air ‘g a P annulus is the only air 

by the parallel axial SyStem tMs i§ supplemented 

with Mr t ^nltPr i fW 1 ?if rit . S ^ two systems I cannot agree 
advantage over the rad mt system possesses any material 
used both t X l • T ie Westmghouse Company has 

Sptimentaf^rLr /Sn^ 7 nd has > furthermore, built 
1Q P 000 kv a rp?r rS ° f 5 °^° k 7~ a -> 3600 rev. per min. and 

lation described 00 ^^ M er wai- Wlth the type of stator venti - 
genemtom wererehmiWdliamson. These experimental 

fxialveStfon t^LT%- mt }, radial vent ilation and one with 
xiai ventilation so that directly comparable results were ob- 
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tainecL Our practise, therefore, is based on practical experi¬ 
ence with all three systems of ventilation in use in this country 
and we can say that each of the three has its advantages and 
its defects. We prefer the axial system in those cases where 
the simple two-path radial system cannot be used. Contrary 
to Mr. Foster’s opinion it is possible to obtain ample core cooling 
surface with axial ducts and the fact that the axial ducts are 
not actually in the tooth belt is compensated for by the fact 
that the heat flow is in the direction of the plane of the lamin¬ 
ations instead of across the laminations, thereby making use 
of a conducting path having as much as ten times the heat— 
conductivity of the transverse path. 

Mr. Foster questions the importance of armature coil eddy 
current losses in these large generators. This is not a serious 
problem in 25-cycle units but in 60-cycle generators eddy- 
current losses become an important factor limiting generator 
ratings. In 30,000 kv-a. 1800 rev. per min. 13,000-volt units 
designers are now using such large slot sizes—in some cases 
6 l /2 and 7 in. deep—that the attempt to increase the stator 
rating, or to reduce copper temperatures, by increasing the 
slot depth increases the total copper loss, on account of increase 
in eddies, in spite of the decrease in PR loss and increase 
in coil surface. 

I wish to take issue with Mr. Foster's statement that these 
large 60-cycle generators of 30,000 and 40,000 kv- a. capacity 
can be designed with actual copper temperatures within 105 
deg. total temperature based on 40 deg. air. This is too large 
a question to discuss adequately here but it is a very important 
one and I hope papers on this subject may be presented before 
the Institute in the near future. 

Professor Gray gives certain figures representing limits for 
1800 rev. per min. generators. These limiting figures are well 
in accord with practise except in one important particular. 
The permissible length between bearings is given as 310 in. 
based on the reversing stress in the neck of the journal. Criti¬ 
cal speed, rather than stress directly, is the most important 
factor determining the maximum rotor lengthy with the pro¬ 
portions reached by Professor Gray the first critical speed is 
about two-thirds of the running speed (in coming up to speed 
the rotor must pass through its critical speed) and the. second 
critical speed is only a little above the running speed. These 
are not conditions that would be considered permissible in a 
large and important unit. The largest 1800 rev. per min. 
rotors so far built are only half the length arrived at by Pro¬ 
fessor Gray and the prospect of any considerable increase in 
core length in one step must be approached with circumspection. 
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APPLICABILITY OF AUTOMATIC SWITCHING TO 
ALL CLASSES OF TELEPHONE SERVICE 


BY ARTHUR BESSEY SMITH 


Abstract of Paper 

This paper is an attempt to place before engineers general 
information in regard to automatic telephone switching. 

The subscriber’s requirements are independent of the means 
used to satisfy them. Automatic switching is uniformly fast 
and involves reduced mental stress to the user because the pass¬ 
ing of the number is positive and waiting time is reduced to the 
minimum. Viewed by the owner the apparatus has longer 
life, the service is very acceptable to the public, and but a tithe of 
the female employees are used. 

Automatic switching apparatus has increased greatly in margin 
of safety. Much progress has been made toward standardization 
of form and toward best methods of maintenance. A few 
changes in structure are described and data given to show 
margins of safety in operation. Present practise regarding 
party lines and measured service (cash and credit) is stated 
briefly. The durability of automatic equipment is illustrated 
by the fact that plants have not yet worn out. . Maintenance 
routines are essential to successful operation. Girls do routing 
testing with marked success. 

Rural telephone lines present problems which have been 
solved in several ways, influenced by the greater number of 
telephones per line, the conditions of signalling subscribers, 
and the inferior insulation often encountered. Code .ringing 
can be retained. Rural automatic service is only a little inferior 
to city automatic service. 

The community automatic exchange serves a small group of 
subscribers, either isolated or part of a telephone network. The 
rotary line switch is used because it is simple, reliable, quick¬ 
acting, and provides 25 trunks. Eight variable factors in ex¬ 
change design are presented with a discussion of each. 

Toll switching in an automatic exchange gives the toll operator 
direct dialing to the subscriber, complete control over his line, 
and periodic ringing. The toll network has also been improved by 
applying automatic switches to intermediate points, so that the 
originating toll operator can set up the complete connection 
herself. The experience of the past twelve years shows that 
this increases the business-carrying capacity of toll lines at 
least 50 per cent to 100 per cent. A variety of schemes are 

available. . _ ' _. , .. 

The automatic switching of telephone lines is adaptable to.all 
classes of telephone service and offers a flexible means of solving 
problems. __ 

E NGINEERS and others interested in the building of 
telephone plants often ask the question, “Will the auto¬ 
matic telephone system meet the needs of this particular case? 
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Though it may be successful elsewhere, perhaps it can not he 
adapted to suit the peculiar conditions found here?” To 
answer such questions as this is the motive underlying the 
preparation of this paper. Though the writer can not cover 
every conceivable condition, he believes that it, is possible to 
place on record many facts which will be useful to those who 
have to do with automatic telephony. 

The approach to automatic telephony must, be made with an 
open mind. A highly critical attitude prevents one from 
appreciating such facts as are observed. The writer formerly' 
regarded automatic switching as desirable but somewhat 
inflexible. His experience and observation have led him to 
revise his opinion. Automatic switching can be adapted to 
meet every need of public and private telephone service, and 
will do it with marked advantages. 

Three kinds of service have already been discussed by the 
Institute. In 1908, Mr. W. Lee Campbell presented a paper 
entitled “A Study of Multi-Ollice Automatic Switchboard 
Telephone Systems,” and again in 1910 a paper on “A Modern 
Automatic Telephone Apparatus.” In 1912 Mr. Gerald 
Deakin presented “Private Automatic Exchanges in Apartment 
Houses.” In 1910 the writer discussed “The Automatic Tele¬ 
phone in Relation to City Service,” including suburban traffic. 

The classes of telephone service which are to be treated in 
this paper are as follows: 

The single office exchange, the basis of discussion. 

Rural lines. 

The Community exchange. 

Toll or county line network. 

Long distance toll lines. 

The comprehensive system, including all kinds of service. 


General Considerations 

Before taking up the details of various classes of service, it is 
well to call attention to a few general factors, such as the 
requirements of subscribers and of the owners of telephone 
exchanges and of the characteristics of automatic equipment 
most generally used. 

Subscriber’s Requirements. The subscriber's requirements 
must be stated in terms which are independent of apparatus or 
methods. Much error will be avoided if we divest ourminds 
of conditions imposed by any one means of rendering service. 
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The subscriber requires, without unnecessary delay, without 
undue stress on himself, to he connected to the telephone which 
he desires (and to no other), to talk to the called subscriber with 
ease and without interruption or eavesdropping, and to have 
this service available continuously. Stated concisely the 
requirements are 

1. Speed of connect ion (and disconnection) 

2 Ease of obtaining connection (and disconnection). 

3. Accuracy of connection. 

4 . Voice transmission. 

5. Secrecy. 

6 . Continuous service. 

Repeated tests of a formal nat ure and the general experience 
of users of both manual and automatic equipment have settled 
conclusively that the latter is very much superior to the former 
in speed of connection. Hut. uniformity has value as well as 
actual speed itself. The average automat ic connection is com¬ 
pleted in from 4 to b seconds, regardless of the time of day or 
the conditions of business. Subscribers judge the speed of a 
service somewhat by the average speed, but more especially by 
the occasions on which they sutler delay. The fact that 
automatic service is it 111)01 tut 11 last, gieatly incteases its value 

to the user. 

The speed of connection is greatly inilueneed by previous 
conditions. If a connection exists, and one of the two sub¬ 
scribers desires immediately to make another call, it can be 
done most quickly with the automatic telephone. Hanging 
the receiver upon the hook tor one second clears the line and 
permits the immediate originating of another call. A large 
amount of telephone business may be transacted in a short 
time by automatic equipment. 

The stress laid upon t he subscriber in originating a telephone 
call is mental rather than physical: It may be divided into 
two causes, the waiting periods and the transmission of the 

number of the called telephone. 

With the automatic telephone, waiting is reduced to a very 
low factor, 'firings begin to happen the instant the receiver is 
removed from the hook. The subscriber has something to do 
from the very start, and when he gets through doing it, the 
connection has been completed and the bell of the called 
telephone is beginning t.o ring. The only waiting period is the 
time of ringing. Even during this’time the subscriber's mind 






is more or less occupied by the sound of the ringing, which he 
can hear. Or it the called line is busy, he is immediately 
informed of that fact by the unmistakable “busy tone.” Not 
only does the automatic telephone greatly reduce the waiting 
time, but to a cei tain extent it conceals the total time required 

The transmission of a directory number by the dial of the 
calling device produces less strain on the user than the effective 
transmission of the same number by the voice. It requires a 
distinct effort to enunciate the syllables of the various digits 
clearly enough to prevent mistakes. On the contrary, the 
sending of the number by a calling device is easy and involves 
no appreciable stress. For each digit, the finger is inserted in 
the proper hole, the dial rotated to the linger stop and let go 
fiee. X he mechanical definiteness of number transmission 
makes automatic calling easy. 

When a subscriber desires to talk to a certain telephone, he 
wants that telephone and no other. It is a distinct advantage 
to him to know that he is getting exactly that number. This 
is afforded by automatic switches to a much greater degree than 
by human beings. Automatic switches, as now made, have a 
large factor of safety against error. They are designed and 
constructed so as to be as permanent in structure as modern 
materials will permit. Each part is separately adjusted within 
limits which impose rigorous conditions. The final assembly is 
again tested under conditions far more severe than those found 
in service. The chance of getting a wrong number by fault of 
the apparatus is so small that it can be entirely neglected. 
This fact is soon discovered by habitual users. 

1 here is nothing inherent to automatic telephone equipment 
to prevent the very best voice transmission. 


Much has been said for and against the value of the secrecy 
of the automatic telephone. It still remains true that users of 
the system recognize and value this property. It has been 
said that the operator at a manual switchboard is too busy to 
listen to conversations—this is true only during peak loads. 
Some manual switchboards have “automatic listening”, which 
excludes the operator as soon as her work is done ,this prevents 
her from giving the connection any supervision, and defeats 
part of the fancied advantage of having a human intermediary. 
It has been said that the mechanicians employed in automatic 
switchrooms constitute as much menace to secrecy as the 
manual operator. This is not so because the man’s work is 
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laid out according to a fixed routine. He is not permitted to 
run about the room according to the dictates of his own judg¬ 
ment. What he shall do, when and how he shall do it are laid 
out on a schedule. His day is uniformly filled, without peak 
loads. Secrecy is even more evident in the private automatic 
exchange, where the personal interest between people is 
stronger and the danger of eavesdropping greater. These 
switchboards are without constant attendance; they run for 
long periods without adjustment or repair. 

Absolutely continuous telephone service has come to be the 
standard. Continuous service is given. But it is well known 
that manual night service is not as prompt or as good as day 
service. Automatic switches work just as promptly and 
accurately at midnight as at noon. The public deserve as 
good night service as day service, for often the need of a single 
night call may be more acute than that of many day calls. 

Requirements of Operating Company. The requirements of 
the operating company are determined by viewing the telephone 
exchange as an investment. It must yield an adequate income 
to the stockholders. It, must be a permanent business. To 
be stable means that it, must render satisfactory service to the 
subscriber and not be too difficult to manage. These require¬ 
ments are not all that there are, but they have an important 
bearing on the business. 

1. Earning ability of investment. 

2. Permanence of investment. 

3. Satisfactory service to subscriber. 

4. Ease of management. 

Telephone exchanges must pay their way. If automatic 
exchanges do not pay, there would not be any of them left in 
existence today, for this movement is twenty-seven years old. 

Five exchanges, formerly manual, were converted to auto¬ 
matic. They ranged in size from 2300 lines and 4400 tele¬ 
phones to 38,000 lines and 44,000 telephones. The totals for 
the five were 47,000 lines and 65,000 telephones. The com¬ 
parison of expenses is as follows: 

Manual Automatic 


Total operating and maintenance ex¬ 
pense per year. $552,600.00 $136,800.00 

Average per line per year. 

Average per telephone per veat 

At least ten of the exchanges in the United States are from 




11.77 

8.50 


2.92 

2.11 
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fourteen to sixteen years old. Based upon the record of the 
existing plants and the improvements in use today, new 
exchanges are built every year. 

The permanence of an investment depends upon the rapidity 
with which the equipment is destroyed, the danger of its being 
rendered obsolete by reason of advances in the art, and the 
attitude of that court of last appeal, public support. 

. a PP ara -tus to be a permanent investment as to deprecia¬ 
tion, must be capable of being kept in first class running order 

by ordinary maintenance, without stretching the meaning of 
the word. 

Surely any equipment which in ten years becomes so badly 
worn that it can not give adequate service, or that the repairs 
are considered excessive, so that it must be thrown out bodily, 
can not be considered as being very permanent 
The life of an automatic switchboard is not known. Num¬ 
erous switchboards now in operation were installed more than 
years ago, have been in constant service since then, and are 
still giving the same grade of service. All the moving parts are 
subject to no other forces than those of the switch itself. 

ose orces are adequate and are always properly directed 
every ime they act. Those parts which wear are capable of 
easy renewal and are taken care of by ordinary maintenance. 
lin« il e _ structure of automatic telephone apparatus 
mn + b ffi, changmg through a considerable period of years, 
Thf °L l changes are be y° n d the observance of the subscriber. 

f e , qU1 fT ent glYes nearl y as and satisfactory 

inmroverHn 6 at6St ' T ^ e tele P hone instrument has been 
improved m appearance, but the old ones are still giving a 

SZ STm,* 0 ‘Z, renderc<i by For fhi 

la St aZZ?' «“ « «■ -uch more iZZTu 

laiesb apparatus on the market. 

coSid^tion P ° r TH iS \ faC 5 r WhiGh mUSt receive adequate 
results p h ° Ughthe past some have ignored it, the 

—Tu^r thl ? g £? Pl6aSant and have ^ted 

iavorably upon those who did the wrong. Anv business tn 
themore of it*the'betteV^ With 11 PUbHcSUpport ’ and 

itspatronsftebenefitrof^ SUPP ° i J ts the com Pany which gives 
devices. They m t ^ improved service obtained from new 
• iney may not clamor for something which is rather 
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hazy or of which they do not know. But lot them ones 
experience the benefits due to the new device and their support 
is assured. 

It is a matter of record that the great mass of the public who 
have habitually used both services, prefer automatic to manual. 
It is not a doubtful majority—the preference is as nearly 
unanimous as can be found. In 1911 the Automatic Electric 
Company sent out 3000 letters to subscribers who had been 
using both manual and automatic service, and 1869 replies 
were received of which 91.7 per cent unqualifiedly preferred 
automatic service. Since then others have investigated the 
subject with varying results, but always with the ratio in the 

same direction and very positive. 

Other things being equal, people prefer an investment which 
is easy to manage. One which presents troublesome questions 
which seem never to come to an end is shunned, because one 
(» an never tell when something may upset the financial condi¬ 
tion. Any factor which makes the business easier to manage, 
renders the investment more attractive. 

The manual telephone operator is the source of exceedingly 
vexatious problems. She requires careful handling, adequate 
accessory conditions, and although her pay is rising from year 
to year she does not stay long in the business. At best, hers is 
a nerve trying occupation, and it is no wonder that conditions 
are as they are. They are inherent. 

The automatic telephone switchboard removes about 90 
per cent of the female help in central offices. The increase in 
male help is only about 9 per cent. The duties of the former 
human operators are performed by machines which require no 
“managing.” 

Equipment Characteristics 

Automatic apparatus of various kinds has been described so 
often that a general explanation is unnecessary. The type best 
known has been the subject of Institute papers, as well as of a 
few books. 

Factor of safety is a thing of great importance. Upon it 
depend the maintenance expense and the dependability of the 
service rendered to the public. This is the principle which 
guided the development of automatic switching. Seemingly 
small details exert great influence upon the performance of 
apparatus. Some factors do not impress the casual observer, 
yet they have great influence upon results. 
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A brief presentation of some of the improvements which have 
been made in recent years will bring the record of the subject 
up to date. It concerns chiefly the redesign of parts of the 
apparatus and the standardization of the assembly, adjustment, 
and mode of maintenance. 

The automatic switch, Fig. 1, presents a new general appear¬ 
ance. The relays are mounted above, the magnet mechanism 
in the middle, and the banks and wipers below. The relays and 
magnets are protected by a cover individual to each switch. 

The material of the switch frame has been changed from die- 
cast metal to cast iron, heavily zinc plated. The die-cast 
frame was subject to warping. It necessitated rather frequent 
re-adjustment of the mechanisms mounted on it and sometimes 



Fig. 2 Horizontal Auto- Fig. 3—Automatic Relay Mounting 
matic Relays (Top View) 


even the chipping down of a lug which interfered with the 

movement of the wiper-shaft. The cast iron frame is rigid and 

unchanging. Apparatus mounted on it requires no attention 
from this cause. 

The sideswitch has been abolished on nearly all switches and 
its work performed by relays. The sideswitch as made was the 
source of considerable trouble due chiefly to the wiper friction. 

certainty of action of 

the switch as a whole. 

. The relay has been completely redesigned (Fig. 2). The pin- 
pivot has replaced the point-pivot, the insulation between 
contact springs made permanent, and each relay rendered 
mechanically independent of all other relays. 
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Fig. 7—Rotary Line-switches on Shelf (Front and Rear) 



[SMrTIl] 

Fig. 8 Rotary Line-switch (Left and Right Views) 
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The point-pivot, when adjusted without play or bind was as 
fine a pivot as could be made. But it was desired to have a 
pivot which would need no adjusting at all. The plain pin 
pivot has just enough play to make the armature work freely, 
and the wear is inappreciable. The point pivot is retained on 
the line relay of the plunger line switch, where the conditions 
are not severe. 

The relay contact springs are insulated by phenol-fibre, which 
is a good insulator and very constant. Each assembly of 
springs is aged by heat treatment, so that it is practically one 
solid mass. Looseness and uncertainty of spring action have 
been practically wiped out. 

The relays are mounted individually on a base plate Fig. 3. 
This base plate has openings through which the relay terminals 
(for coils and springs) extend to the rear. There the wiring is 
placed, connecting the relays together in a compact but 
accessible place. A plate covers the wiring so that none of the 
wiring on this part of the switch is exposed. The few wires 
which feed the magnets and wipers pass through a single hole 
in the base plate. The base plate carries also the switch 
frame, in which the vertical, rotary, and release magnets are 
mounted. 

The adjustment of an automatic switch may be divided into 
two parts, the relay adjustment and the adjustment of the 
motor magnets. Every relay is adjusted to a definite armature- 
stroke with a fixed residual airgap. The amount of contact 
that each spring makes with its mate is likewise fixed. These 
distances are measured with thickness gauges placed between 
the armature and the pole of the magnet. 

The contact springs of each relay are given a tension which is 
measured in terms of the operating and non-operating currents. 
Thus the spring tension is kept within limits. 

The motor magnets (vertical, rotary, and release) are 
adjusted in a definite sequence to the proper relations to the 
wiper-shaft. These relations are also expressed in distances, 
most of them measured by thickness gages. 

The final performance of. the completed switch is tested by 
being operated over a line under conditions worse than any 
imposed by commercial use. The calling device delivers 
impulses at 14 cycles per second with an impulse ratio of 61 
per cent (circuit opened 0.61 of total impulse period.) One 
test employs a line of zero loop resistance with a 20,000 ohm 
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leak across it. The other test employs a 1200 ohm line without 
leakage. 

The spring tension of the motor magnet armature is adjusted 
so that perfect operation is secured under these two extremes 
of line conditions, with the battery voltage between 46 and 49 
volts. 

The control of automatic switches over the subscriber line 
is a telegraph problem. The elements involved Fig. 4 are the 
line circuit, the release relay circuit, the motor magnet circuit 
and the release magnet circuit. All but the line circuit are 
wholly within the central office where the conditions are con¬ 
stant. Each element contributes its share toward fixing the 
line characteristics which are necessary for operating a switch. 

The normal operation is as follows: The calling device 
springs (CD) are opened and closed as many times as there 


WIPER 
SHAFT 



Fig. 4 Controlling Circuit for Automatic Swtciu.oard 


are units in the digit being transmitted. The line relav II R) 
follows these impulses. The release relay (R^yTSLn tl 
copper collar remains energized during the series The ser es 

time th f e H T reIay falls back and remains 

(VM) responds bymovinfthe SefZft^h^ 11 -^ 

comes to rest SLSld tt ^ 1 impuIses ’ the Iine 
the local circuit to be changedTo 6 ^ r t fh back and eauses 

of the lE the “ ™ puIs . e F ‘S- 5 is the time from the opening 

and a "ml-. n S e T„^T fthe,i “- Itta ***a'“break'' 

line current l flo^Tis slET h E* E that the 
in sending the didt “q ” Tr r a ? broken three times, as 

one pulsation to the magnet^ T ? Pemng of the Iine produces 

e magnet. This is represented by a line 
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below the break in the line current. Owing to the delay 
2 line relay in obeying the current, there is a little time-lag 
e beginning and at the end of each pulsation, 
e impulse ratio is the ratio of the time that the line is 
3d to the total period of the impulse. Applied to the 
Let, it is the ratio of the time of current flow to the total 
d of the impulse. Formerly a fifty per cent (0.5) impulse 
ised. It has been found that a longer opening of the line 
it gives greater certainty to the selection, so that sixty-one 
ent (0.61) is now used. The reasons are discussed below, 
e release relay must be held energized continuously, 
ise when it falls back it will cause the switch to release, 
greatest break in current which the release relay can stand 
>ut letting go is about 77 per cent. (For a group of 10 
lses at 10 per second.) At the beginning of a group of 
Ises, the release relay is fully energized. While the line 
armature is vibrating, the release relay is kept energized 


LINE CURRENT 

1 

1 

i 

MAGNET CURRENT 

i 1 

1 

i 

! 

i 

..... i 



1 

\ 

- - - > 

- '—/ 

N-J-/ 


FIRST SECOND THIRD 

IMPULSE IMPULSE IMPULSE 
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ilsations fed to it, one pulsation each time the line relay 
up. If these pulsations are short, the magnetism will not 
ly restored each time but will gradually run down. There 
■ays enough magnetism remaining to hold the armature to 
nd of ten impulses. The aging of a slow acting relay 
pped with a copper collar) always tends to make it hold 
r. 

3 series relay must also remain energized as long as pulsa- 
are being sent to the motor magnet. The shortest 
tion which it can have is about 28 per cent for ten pulsa- 
at 10 per second. The conditions which supply long 
tions to the series relay, give short ones to the release 
But the short pulsations which each can endure give a 
range through which the ratio can vary without causing 
“ relay to cease to function properly. 

3 vertical magnet requires at least a 27 per cent pulsation 
ot more than 86 per cent for satisfactory operation under 
rnie conditions. Being in series with the series relay, it 
he same impulse ratio. Since the magnet has consider- 
rork to perform, it can stand a very high ratio. 
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The rotary magnet of a connector can stand a variation of 
impulse ratio from 30 per cent to 95 per cent. 

The total performance of the automatic switch is judged from 
the standpoint of the subscriber’s line. Ordinarily a switch 
is adjusted to work over lines of varying length. This is 
because any telephone may use almost any switch. Some¬ 
times a switch is to be used on one line or trunk only; in this 
case the line relay can be adjusted to operate on a 2500- or 
3000-ohm loop. When adjusted for such a loop it would not 
work well on a low resistance loop (300 ohms and under). 
Loop resistance of the subscriber’s line does not include the 


telephone instrument because in an automatic telephone the 
talking apparatus is cut out during the dialing period. 

If the subscriber line is of zero length with no leakance or 
capacitance, the impulse ratio may vary from 38 per cent to 
71 per cent without causing the switch to fail. 

The effect of simple line resistance is to lengthen the pulsa¬ 
tion delivered to the motor magnet, and shorten the pulsation 
to the release relay. This results in weakening the release 
relay so that it may start to fall back near the end of a ten 


impulse digit and if the line resistance be excessive may even 
cause premature release. If the loop is 500 o hms , the impulse 
ratio may vary from 36 per cent to 72 per cent without ca usin g 
the switch to fail. If the loop is 1000 ohms, the limits are 35 


per cent and 68 per cent. The margin for safety is ample. 

The practical safe limit for a subscriber’s line is a loop 
resistance of 1000 ohms. This is a greater resistance than is 
necessary for good common battery transmission, so that any 
loop which is low enough in resistance for good transmission 
is good enough for automatic dialing. 

The effect of line leakage is to cause the line relay to be slow 
to fall away and prompt to pull up. This gives the motor 
magnet and its series relay a shorter pulsation, so that there is 
less power available to move the switch and a greater likelihood 
of the series relay not remaining energized throughout the 

fn°n^ 0 l PUlS f timS - The practical limit of leakance is about 
50,000 ohms for the subscriber’s line, measured between wires 

or from either wire to earth. Since the switches are adjusted to 

fartw 6per ^ t y a leak of 20,000 ohms across the line, the 
factor of safety is ample, 

exertfnobad C ^ padtance s H ch as found in telephone cable 
exerts no bad effect upon dialing. A capacitance between the 
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two conductors has a tendency to delay the relay in falling 
back, and thus to shorten the pulsation delivered to the motor 
magnet. This partly neutralizes the effect of line resistance. 
In fact, the capacitance may be increased to seven microfarads 
without causing the automatic switch to fail. 

Lumped capacitance, as found in telephone instruments on 
a party line, affects the dialing. It is more correct to say that 
it is the inductance of the bell in connection with the capaci¬ 
tance of the condenser that influences the signals. For this 
reason the capacitance of condensers used with harmonic bells 
(5 bells on one party line) is made 0.7 microfarad. With this 
value at least two more bells could be used without causing any 
failure of dialing. 

In general, line faults have the same effect upon an automatic 
switchboard that they have upon a manual switchboard. The 
chief effects are compared in the table following. 

Manual Automatic 

Open. No calls, no indication No calls, no indication 
+ L grd. Line noisy, conversation Line noisy, conversation poor 

poor Dialing bad, sometimes impossible 

— L grd. Permanent signal Permanent signal 

sht. ckt. Permanent signal Permanent signal 

Crosses between lines. 

+ L and + L Cross talk Cross talk, a second trunk oc¬ 

cupied but no trouble 

— L and — L Cross talk, two line Cross talk, a second trunk is oc- 

signals show when cupied when one calls 
one calls 

+ L and — L Permanent signal on Permanent signal on one line 

one line 

A rotary line switch has been produced which beside giving 
access to 25 trunks possesses other advantages. It was the 
equipment furnished by the Automatic Electric Company for 
the Automatic Telephone Exchange at Orleans, France. Its 
chief use in America is in the Community Automatic Exchange. 
It will be described in this paper under that subject. 

Periodic ringing is the accepted practise, on both individual 
and party lines. If the subscriber removes the receiver from 
the hook, the ringing current is cut off at once, even if it occurs 
during a time of ringing. The cut-off is quick enough to be 
complete before the receiver reaches the ear. 

Party lines are segregated and served by party line boards, 
one hundred lines per board. 
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The rotary magnet of a connector can stand a variation of 
impulse ratio from 30 per cent to 95 per cent. 

The total performance of the automatic switch is judged from 
the standpoint of the subscriber’s line. Ordinarily a switch 
is adjusted to work over lines of varying length. This is 
because any telephone may use almost any switch. Some¬ 
times a switch is to be used on one line or trunk only; in this 
case the line relay can be adjusted to operate on a 2500- or 
3000-ohm loop. When adjusted for such a loop it would not 
work well on a low resistance loop (300 ohms and under). 
Loop resistance of the subscriber’s line does not include the 


telephone instrument because in an automatic telephone the 
talking apparatus is cut out during the dialing period. 

If the subscriber line is of zero length with no leakance or 
capacitance, the impulse ratio may vary from 38 per cent to 
71 per cent without causing the switch to fail. 

The effect of simple line resistance is to lengthen the pulsa¬ 
tion delivered to the motor magnet, and shorten the pulsation 
to the release relay. This results in weakening the release 
relay so that it may start to fall back near the end of a ten 


impulse digit and if the line resistance be excessive may even 
cause premature release. If the loop is 500 ohms, the impulse 
ratio may vary from 36 per cent to 72 per cent without causing 
the switch to fail. If the loop is 1000 ohms, the limits are 35 


per cent and 68 per cent. The margin for safety is ample. 

The practical safe limit for a subscriber’s line is a loop 
resistance of 1000 ohms. This is a greater resistance than is 
necessary for good common battery transmission, so that any 
loop which is low enough in resistance for good transmission 
is good enough for automatic dialing. 

The effect of line leakage is to cause the line relay to be slow 
to fall away and prompt to pull up. This gives the motor 
magnet and its series relay a shorter pulsation, so that there is 
less power available to move the switch and a greater likelihood 
of the series relay not remaining energized throughout the 

The practical limit of ^akance is about 
50,000 ohms for the subscriber’s line, measured between wires 

or rom either wire to earth. Since the switches are adjusted to 

fTZ- f f 6 ? 7 ^ ? leak ° f 20 ’ 000 ohms across fe line, the 
factor of safety is ample. 

exertf^Wl capacitances H ch as found in telephone cable 
exerts no bad effect upon dialing. A capacitance between the 



1919] SMITH: AUTOMATIC TELEPHONE SWITCHING 1579 

two conductors has a tendency to delay the relay in falling 
back, and thus to shorten the pulsation delivered to the motor 
magnet. This partly neutralizes the effect of line resistance. 
In fact, the capacitance may be increased to seven microfarads 
without causing the automatic switch to fail. 

Lumped capacitance, as found in telephone instruments on 
a party line, affects the dialing. It is more correct to say that 
it is the inductance of the bell in connection with the capaci¬ 
tance of the condenser that influences the signals. For this 
reason the capacitance of condensers used with harmonic bells 
(5 bells on one party line) is made 0.7 microfarad. With t his 
value at least two more bells could be used without causing any 
failure of dialing. 

In general, line faults have the same effect upon an automatic 
switchboard that they have upon a manual switchboard. The 
chief effects are compared in the table following. 

Manual Automatic 

Open. No calls, no indication No calls, no indication 
+ L grd. Line noisy, conversation Line noisy, conversation poor 

poor Dialing bad, sometimes impossible 

— L grd. Permanent signal Permanent signal 

sht. ckt. Permanent signal Permanent signal 

Crosses between lines . 

+ L and + L Cross talk Cross talk, a second trunk oc¬ 

cupied but no trouble 

— L and — L Cross talk, two line Cross talk, a second trunk is oc- 

signals show when cupied when one calls 
one calls 

+ L and — L Permanent signal on Permanent signal on one line 

one line 

A rotary line switch has been produced which beside giving 
access to 25 trunks possesses other advantages. It was the 
equipment furnished by the Automatic Electric Company for 
the Automatic Telephone Exchange at Orleans, France. Its 
chief use in America is in the Community Automatic Exchange. 
It will be described in this paper under that subject. 

Periodic ringing is the accepted practise, on both individual 
and party lines. If the subscriber removes the receiver from 
the hook, the ringing current is cut off at once, even if it occurs 
during a time of ringing. The cut-off is quick enough to be 
complete before the receiver reaches the ear. 

Party lines are segregated and served by party line boards, 
one hundred lines per board. 
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The preferred practise is to provide a party line board with 
four or five groups of connectors, each group being supplied 
with a different frequency of ringing current. Each subscriber 
line is multipled to all these groups of connectors. The hun¬ 
dreds digit of the call number selects the group of connectors 
and therefore fixes the frequency which shall be used. The 
last two digits control the vertical and rotary motions of the 
chosen connector as usual. Any group of connectors can 
equally well connect to the desired line, but the bell which rings 
depends upon which group of connectors is used. 

An alternative method is to have but one group of connectors 
per hundred lines and to equip each connector with a frequency 
selecting device which is operated by the last digit of the call 
number. It makes each call number one digit longer, but is 
somewhat cheaper as to initial cost. 

Telephone service for intermittent users (other than regular 
subscribers) is usually furnished by stations equipped with 
some form of coin collecting box. For local service, the rate is 
displayed near or on the telephone instrument together with 
directions for its use. For toll or long distance service, the 

user must call for the toll board to receive supervision and 
information. 

The automatic telephone has been successfully equipped 
with “nickel-first” and “nickel-last” coin--boxes. With the 
former, the deposited coin is held until the called station an¬ 
swers, then a reversal of current operates a polarized relay in 
the coin-box which collects the money. With the latter, the 
user dials the number as usual, the answering of the called 
station reverses the battery current which operates the polarized 
re ay in the coin box, the latter short-circuits the transmitter 
and shunts the receiver enough to prevent its use as a trans¬ 
mitter, but still permits hearing that the called station has 
answered. Depositing the coin clears the transmitter and 


A credit meter is also in use, which records the number of 
completed connections. It may be attached to the instru¬ 
ment and worked with a push-button (instead of a coin) or 
may be located apart from the telephone on the subscriber’s 
p raises and require no act of the subscriber. An older type 
of meter is designed to be located in the central office. 

e pay station be used to' call a free local number no 
current reversal will take place. All free lines are connected to 
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a group of connectors which do not reverse the current when 
the called station answers. 

When the user of a pay station desires an out-of-town con¬ 
nection, he dials the toll recording desk as any local subscriber 
Would do. When the connection is ready, the line operator 
calls the pay station automatically, requests the payment, and 
is by sound notified of the deposit of the coins as is the case in 
manual practise. 

Durability. The durability of automatic equipment is 
attested by the performance of the older plants. A group of 
ten exchanges scattered over the Union, were installed from 
iVIay 1903 to December 1904. These exchanges are still (1919) 
in operation. Their original joint capacity of 19,476 lines has 
grown to more than 104,000 lines. The original equipment is 
still in use. During about fifteen years of service, the regular 
maintenance has been able to keep the apparatus in good 
shape. Today the cost of maintenance material for the switch¬ 
board per line per year is from 7 to 9.5 cents, and for the calling 
device 2 cents per year. 

Maintenance . The proper maintenance of any machine 
requires that it shall be prevented from deteriorating. It is 
cheaper from every reasonable standpoint to keep it in good 
working order than to neglect it until its condition is so bad 
that it has adversely affected service. Each function should 
be tested at such intervals as have been found necessary to give 
good service. 

In a public exchange the routines involve inspections occur- 
ing daily, weekly, monthly, quarterly, twice a year and yearly. 
The daily, weekly and monthly routines are merely precaution¬ 
ary inspections, they are not adjustments. 

The daily routine includes a rapid inspection of the functions 
of selectors. Once a week there is a rapid inspection of the 
line switchboards and of the functions of connector switches. 
Once a month the alignment of line switch plungers is examined, 
and the dust cleaned off the switch covers, tops of bays, etc. 

Every three months the selector trunks are tested (con¬ 
tinuity of bank and terminal wiring, particularly of infre¬ 
quently used or overflow trunks and switches), wiper cords 
are examined and replaced if necessary, master banks and 
wipers are cleaned and inspected, and alarm relays are inspected 
and adjusted. 

Twice a year the contact springs of relays and other devices 
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are inspected for proper movement and tension and brought to 
standard. The switches are tested for operation under extreme 
line conditions. Switch shafts and master switches are cleaned 
and oiled. Banks are cleaned and wipers adjusted and replaced 
if worn. A rapid inspection is given to the rotary motion of 
selectors. All equipment is tested for freedom from grounds 
on frames and supports. 

Once a year everything is checked up for conformity to 
standard and brought to standard. This includes the ratchet 
mechanism (vertical, rotary, and release) of each selector and 
connector, the repeaters, the line switch plunger alignment and 
its bank contacts and the cut-off relays. 

The maintenance of an automatic exchange requires the 
attendance of persons who know what to do and when to do it. 
The average mentality required is not higher than for a manual 
plant of the same size. 

A single office exchange having 2300 lines and 5500 sub¬ 
scribers telephones requires approximately the following force 
for maintaining the central office equipment. 

One switchman. 

One service clerk. 

One line tester. 

One information and complaint clerk. 

One night man (answers toll board in addition.) 

A two-office plant having 5400 lines and 10,000 telephones 
requires the following central office force. 

One service chief. 

One switchman. 

Two apprentices. 

Two service clerks. 

One tester. 

Two information clerks. 

Two assistant clerks (also take care of complaints.) 

The telephones can be increased to 13,900 without adding to 
the central office force. A service chief has charge of the 
switch room and does work on equipment. A switchman 
ma es a justments and repairs. An apprentice performs 
routine tests, supervises signals, and answers telephone calls . 
to the switch room; an apprentice may be in training to be¬ 
come a switchman. A service clerk is a girl who performs 

W , Sam f 1 dutie f. as an a PP renti ce. A tester makes tests on. 
an long distance lines; and in a small plant may act as 
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despatches routing the outside troublemen. The duties of 
information clerk are the same as in a manual plant. The 
employment of girls to perform routine tests has become a 
factor in exchange maintenance. They learn easily, are quick 
and careful in their work, and are proving very satisfactory.. 

Rural Telephone Lines 

Telephone service on rural lines differs from that in cities 
and towns in that dwellings are much farther apart, there is 
usually no common center (except the nearest town) and 
greater dependence is placed on the telephone. 

The requirements of the subscriber are low rental, dependa¬ 
bility of service, and the ability to make many calls to those in 
his own neighborhood. On the other hand, the rural sub¬ 
scriber is usually willing to do more than his city brother. He 
will gladly push buttons, turn cranks, and do anything else if 
necessary to get good service. 

The operating company must have cheap but substantial 
lines, with as low an upkeep as possible, and a simple telephone 
requiring little maintenance. 

Manual rural lines are usually operated with local battery 
transmission. Automatic rural party lines are also in use with 
local battery and with success. But a special weak current 
common battery transmitter has been developed which gives 
as good transmission on a 400 ohm loop as an ordinary trans¬ 
mitter does on zero loop. This has to a large extent made it 
possible to operate rural lines with common battery, with 
evident economies. 

Equipment Characteristics 

The characteristics of the equipment which handles rural 
lines depend upon the telephone instruments, the method of 
operation which is desired, and the line conditions which are 
necessary in this class of business. Insulation can not be 
maintained at as high a figure as is possible in the city. Line 
resistance must greatly exceed the usual values. Many more 
telephones must be put on a single line than is necessary in 
town. These facts require changes in the apparatus. 

Because of the number of bells and condensers (sometimes 
ten) bridged across the line and the lower insulation which is 
at times unavoidable, the control circuit and apparatus must 
have a greater factor of safety than is usual. To secure this a 
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repeater is interposed between the rural line and the regular 
exchange apparatus. 

This repeater has two line relays, Fig. 6, one in each battery 
lead. The impulsing is done with the relay which is connected 
to the positive grounded battery terminal. Also, during the 
time that impulses are coming in, the impedance of the nega¬ 
tive line relay is greatly lowered. These two provisions greatly 
increase the reliability of the selection. 

It frequently occurs that rural lines produce so much traffic 
that it overloads the group of first selectors belonging to the 
line-switch board (hundred line group). This is relieved either 
by subdividing the line switches into smaller groups, or by 
providing each rural line with its own first selector instead of a 
line switch; in this case the selector performs the functions of 
repeater as well as of selector. The relative cost of the two 
plans varies with conditions. 

One condition incident to placing so many telephones upon 



Fig. 6 Rural Line Controlling Circuit 


one line is the chance of interference of one subscriber with the 
dialing of another. This is obviated by providing each tele¬ 
phone with a hook stop. It permits the hook to rise part way, 
only far enough to connect the receiver across the line (in series 
with a 2 microfarad condenser.) This allows the subscriber to 
listen without interfering with dialing which may be going on. 

the line is free, the subscriber presses the hook stop; the 
ever hen rises to the full extent of its stroke, connecting up 

and COmpleting the talkin £ circuit. Beside 
p eventmg interference with dialing, this device permits the 

is fimTveSlw 1 i°j 1Ste ? aS mach aS he desires ~ a habit which 
is nrmly established and warmly defended. 

gnaI1 i ng C f n be 6ither selecthre or code ringing. The 
latter is very largely employed by manual exchanges, is under- 

- by rr 6 subs f ribers : and seems to be satisfactory. Selee- 

erlv lies^wit^tL 18 in some res Peets, but the choice prop- 

erly hes with those who are closely in touch with local condi- 
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To ring ten bells selectively, five bells are bridged from each 
line wire to earth and rung with five frequencies. Two systems 
of frequencies are in use. The “multiple harmonic system” 
employes 16.7, 25, 33.3, 50 and 66.7 cycles per second. The 
“non-multiple harmonic system” uses the frequencies 20, 30, 
42, 54, and 66 cycles per second. This duplication resulted 
from the historical development of two systems, and there are 
many installations of both in use today. It is to be hoped that 
one of the two may be retained as the better, and the manu¬ 
facture of the other discontinued. 

Code ringing permits all the bells to be alike and to be 
bridged across the line. In order not to interfere with dialing, 
the bells are wound to 3600 ohms (approx. 5000 ohms imped¬ 
ance at 10 cycles per second) and the condensers limited to 
0.3 microfarad capacitance. Signals may be made of combina¬ 
tions of long and short rings or of two groups of short rings 
separated by a pause. 

Rural lines are served by a line-switch board set aside for 
this purpose. The special apparatus required is localized to 
this part of the equipment. If the signalling is selective, each 
connector has mounted on it a minor switch which picks out the 
frequency to be used. If code ringing is used, each connector 
has a code selector and a code switch. The latter groups the 
code signals, the former picks out the desired signal. The 
code switch is a single motion (rotary) switch with a 25-point 
bank. The code selector is the same in form and size as a 
first or second selector. They involve mechanisms which have 
been established by experience. 

In general, reverting calls are handled by providing special 
switches leading to reverting call connectors. Each of these 
connectors is equipped much as a regular rural connector is 
equipped, but is wired so as to ring back on the originating 
line. If selective ringing is used, the reverting call connector 
will send out alternately the frequency of the originating sta¬ 
tion and of the called station. The total period of repetition is 
4 or 5 seconds. To make a reverting call, the subscriber con¬ 
sults a list of the subscribers on his own line and dials the num¬ 
ber given for the desired station. He then hangs up his 
receiver. The alternate ringing begins and continues un til 
the called subscriber removes his receiver from the hook and 
presses the hook-stop. The originating subscriber, noticing 
the cessation of his own signal, takes his own receiver, touches 
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the hoolc-stop and proceeds to converse. Release is accom- 

ii j w ^, en subscribers hang up their receivers. If the 
called station fails to respond, the originating subscriber stops 
tne ringing by removing his receiver pressing the hook-stop 
and hanging up the receiver again. 

The line requirements for rural lines are as follows: maxi¬ 
mum safe loop resistance 1000 ohms, minimum safe insulation 
resistance, wire to wire or either wire to earth 25,000 ohms 

Any commercial telephone cable has low enough capacitance 
not to affect dialing. 

Automatic switching offers to the rural subscriber a telephone 
service which is vastly superior to manual service and only 
slightly inferior to city automatic service. He has the same 
instantaneous, positive, direct calling at night as at noon, and on 
oidays as on work days. It is inferior to city automatic 
service only in the loading of the party line with so many 
telephones. In fact the moving force which hastened the 
application of automatic switching to rural lines was the 

device 1 ” 6 6Xerted tiie farmers themselves to be given calling 

The Community Exchange 

The community exchange, as the term is now used, is a small 

unattended plant, whose toll switching and miscellaneous calls 

are handled from a distance and whose apparatus is often 

designed with the requirements of rural lines primarily in view. 

The community which it serves may be the farmers of a region, 

a small village or town, or the small suburb of a town. The 

raffic is chiefly local though by no means confined to the local 
telephones. 

Miscellaneous services, such as information, complaint, dead 
numbers, etc., are usually cared for by the nearest public 
exchange where such service is maintained. Most of these 

f^ mU f nity T.,r Ut0m ? tiC exchanges are auxiliary to the ordinary 
JSUn PUb f- 1C eXcl T ge - When the C.A.X. subscriber dials 

Hprk in fTV° n ca ^ is trunked to the information 

cleric in that exchange, where records are kept for all the terri¬ 
tory served. 

Toll switching is handled in the same way as the above 
mentioned miscellaneous services. In fact it may pay to 
combine on one call number all these things, because one person 
care for them all. The toll line operator is provided with 
ca mg eviee and trunk connections to the community 
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automatic exchange, so that she can complete and control any 
connection. 

The subscribers requirements are the same as for any single 
office exchange with rural lines. From the standpoint of the 
operating company, the apparatus must require little attention 
and the investment must not be too large. 

The characteristics of the equipment are influenced by the 
conditions of the particular installation. Too great rigidity of 
standardization would result in inefficiency. This will be¬ 
come apparent as we study the matter farther. 

The rotary line switch Fig. 7, is the regular equipment for 
community automatic exchanges. It possesses simplicity of 
structure, individual control, minimum of motion, and greater 
trunk group than the plunger type. 

The rotary line switch Fig. 8, is a single-motion switch, with 
a 25-trunk bank set vertically. The motor magnet armature 
has a pawl which normally locks the wipers on any trunk. The 
wipers rest where last used. When the magnet energizes, it 
withdraws the pawl so that it catches the next tooth on the 
ratchet wheel. When the magnet de-energizes, the armature 
spring drives the pawl and rotates the wipers to the next trunk 
contacts, and locks them there. The magnet is self vibrating, 
like a door bell. 

Associated with the switch proper is a line relay and a cut 
off relay. They are mechanically interlocked so that if the 
line relay is de-energized, the cut off relay can pull up only 
part way—just enough to break contacts and clear the line of 
attachments. If the line relay is energized, the cut off relay 
can pull up all the way, connecting the subscriber's line to the 
wipers. 

When a call comes through a connector to the subscriber,, 
the connector energizes the cut off relay alone. This clears the 
line of line relay and ground, but does not connect the line to 
the wipers. Thus there is a clear pair of wires from the con¬ 
nector to the subscriber's telephone. 

When the subscriber originates a call, by lifting the receiver 
from the hook, the line relay pulls up and causes the trunk to 
be tested. If the trunk is busy, the magnet rotates the wipers 
at a speed of 60 to 80 trunks per second until an idle trunk is 
found. The magnet then stops, the cut off relay pulls up, 
clears the line, and extends the line to the first selector. During 
conversation, the cut off relay alone is energized. On release 
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the cut off relay merely falls back—the wipers remain where 
they are. If the trunk upon which the wipers were resting at 
first is idle, the cut off relay pulls up completely and without 
delay. The time required to seize the trunk is only that 
required for two relays to energize. The maximum time 
required, if the wipers must pass over 24 trunks, is about half a 
second. 

Most calls take an idle trunk without moving the line 
switch wipers at all. Tests made on a busy private automatic 
exchange showed that about 16 per cent to 20 per cent of the 
calls moved the wipers one or more steps—the rest of the calls 
required no motion. 

Because it possesses no common mechanism, the rotary line 
switch lends itself admirably to rural exchanges. There is so 
little to get out of order, and the factor of safety is so large, 
that it can be relied upon to require very little attention. And 

if any one part should fail, it affects only one subscriber line 
instead of a group of lines. 

The most important variable factors are herewith presented 
and will be discussed in detail. 


1. Transmission.Local battery or common battery 

2. Line relay.Double wound or ground relay 

6. Lme equipment.Lines witch or selector 

4. Signalling.Selective or code 

5. Signal control.Push-button or periodic 

7 ' _ everting calls.Push-button, periodic or hand generator 

. Battery charging means.. .Motor generator or gasoline engine 
8. Battery charging method.. Float or hand start with automatic stop 

The tendency is to use common battery transmission as far 

The r ®f lacement of dr y cells is a great and in- 
® “ g expense ‘ It ls t0 be incurred only if the salvage of 

the loIfS? 1 ? t0 S6em more P rofi table to retain 

e local battery, or if the lines are so long that it is neeessarv 

rl * t i^* As far as automatic operation is 

neerned, it makes no difference which is used. Most lines 

’TV ~— 

ry transmitter. In all cases the polarized receiver i<* 

necessary, because the subscriber must be able to listen thrOTah 
a condenser to see if the line is in use. through 

The lme relay (LR-Fig. 6) which handles the impulses should 

Her^t b eCted t0 the positive or grounded battery terminal 
Here it has a greater factor of safety than if it has two windings,' 
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one being to each battery terminal. If the line conditions are 

as good as in town, the usual double-wound line relay is fully 
adequate. 

The usual practise is to carry all lines in a community auto¬ 
matic exchange to line switches. All selectors and connectors 
are usually equipped with the ground line relay circuit, so as to 
render repeaters unnecessary. 

In regions where rural subscribers have been using local 
battery magneto telephones for years and are accustomed to 
code signals, the code signal can still be used with automatic. 
The non-secret nature of the call is by some regarded as a 
positive advantage. It is difficult for the city-dweller to 
realize how the farmer uses his telephone. An instance will 
illustrate one point. One evening Jones repeatedly heard his 
bell give the signal for the Browns, who lived a quarter of a 
mile down the road. Knowing that the whole Brown family 
had gone to town for the evening, he stepped to the telephone, 
and gave the calling subscriber the information. More con¬ 
gested rural regions seem to require greater secrecy, and the 
selective signal is favored and sometimes even requested. 

The signal may be controlled by the subscriber or by the 
central office apparatus. The former is called “push-button 
control” or “push-button ringing.” If it be code signalling, 
the subscriber presses a button on his telephone so as to form 
the signals. They may be thus made more accurately and 
easily than by the hand generator, with its revolving armature 
which must be started and stopped several times in each signal. 

To secure push-button ringing, the button is arranged to 
ground the negative line and open the positive line. The 
negative line relay remains energized and prevents the con¬ 
nection from releasing. The positive line relay controls the 
ringing apparatus. 

Code ringing was described under the heading “Rural 
Telephone Lines.” 

' Reverting calls are handled in accordance with the method 
of signalling used. If local battery magneto telephones are 
employed, the subscribers ring each other on the same line just 
as they did with the manual switchboard. If selective sig¬ 
nalling is employed, the subscriber dials a special number and 
receives alternate signals as was described above, (Rural 
Telephone Lines.) If code signalling is used it may be either 
periodic or push-button controlled. The latter requires 
reverting selectors, available to the party lines. 
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When a rural subscriber desires to call a person on his own 
line, he dials a special number. He then presses his push¬ 
button to form the code signal. This action controls a relay 
in the reverting selector, which sends ringing current back onto 
the originating line. 

If the code ringing is periodic, reverting calls are handled by 
reverting connectors which are equipped very much like the 
regular connectors. The subscriber consults a list of sub¬ 
scribers on his own line (posted on the telephone.) He then 
dials the special number given for the desired station and hangs 
up his receiver. The desired code signal is sent back on the 
line, repeated periodically. When the called stations answer, 
the ringing is cut off—the originating subscriber then comes in 
on the line. Both subscribers hanging up release the reverting 
apparatus. 

The charging of the battery is done preferably by a motor 
generator run by commercial power. The battery bus bars 
are equipped with a voltage relay, which starts the motor 
generator whenever the pressure falls to 46 volts and stops it 
when it reaches 52 volts. A self-closing reverse-current circuit 
breaker stands between the generator and the battery. When 
the generator voltage is high enough to be safe, the circuit 
breaker closes and the charging begins. When the motor has 
been cut off by the high voltage, the generator voltage dies 

away until a slight reverse current operates the circuit breaker 
and cuts off the circuit. 


If no commercial power is available, a gasolene unit is installed, 
this is started by hand as often as necessary. The regular 
maintainer need not do it, some one who lives near the exchange 
and is familiar with gasolene engines is employed to set it to 
going. The stopping is automatic. An ampere-hour meter 
is included m the battery circuit. It is compensated so as to 
nm slowly when charging, but full speed when discharging. 

, en tbe . ™ et ® r radicates the necessary ampere-hours have 

enJirl'+v, 0 + th f t b f ttery ’ ib opens the ignition circuit of the 
nJKkifc that ? t6r stops - The circuit breaker discon- 
cwL tL gen °l f T the batter y- During the time of 

C iri breaker mserts counter e-m.f. cells in the 
voltaae l ^ l the power board-they prevent undue rise of 

ehaSing h ^ **** Whkh W ° Uld prem aturely stop the 
equipment is made up in three general units, the switch- 
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board, the storage battery and the charging machine. The 
switchboard is made in two or three parts, which are installed 
side by side so as to form one unit. These parts are the local 
switchboard, the powerboard and the main distributing frame, 
and the trunking board. The latter is omitted if the exchange 
is isolated (no trunks to other exchanges.) All but the trunk¬ 
ing board have been fairly well standardized. Because of the 
many variable conditions to be met in different places, the 
trunk board, containing selectors and repeaters, is made up in 
accordance with the needs. 

A community automatic exchange needs no special building 
to house it. It has been installed in a store, in the bedroom of 
a residence—any convenient place which is available. There 
are signals to indicate when a fuse blows etc. The conditions 
of community life and the location of the apparatus are such 
that someone is always not far away. 

This type of exchange has not been in service long enough to 
secure data of general worth as to the amount of maintenance 
labor required. In one case a group of three of these exchanges 
located on a straight line 26^ miles long, together with the 
telephones belonging to them are maintained by one man. 
The man is of the same general type as those who maintain 
ordinary automatic equipment. 

The line requirements are the same as those given under 
“Rural Telephone Lines.” 

Toll Switching 

Toll service between line and subscriber may be handled in 
any one of a number of ways. The methods described here 
are considered the best, as the result of much experience. 
Person to person calls alone are considered. 

The recording toll clerk receives calls from the subscriber 
over trunks which come from selector banks and terminate on 
desks. The tickets are made out and passed to the toll line 
operator in the usual way. 

The toll line board is provided with trunks which pass to toll 
selectors. Over these trunks the toll operator dials the full 
directory number by using a calling device which is keyed into 
the circuit. The selectors lead to toll connectors, the latter 
located in the hundred-line boards, adjacent to the local con¬ 
nectors. 

These toll qonnectors may be used for local service as well. 
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If. all the local connectors are busy, the local traffic will take one 
or more of the toll connectors. In this case the connector acts 
like a local connector, having the same current supply relays 
and condensers. When seized by a toll selector, the local 
apparatus in the toll connector is cut out, leaving a clear cir¬ 
cuit from the last selector through the connector to the calling 
line. The last selector supplies current through a repeating 
coil. 

The ringing is intermittent, but must be started by the toll 
operator. . When the subscriber answers, the ringing stops 
automatically. If the subscriber hangs up his receiver, the 
usual supervision is given, and the toll operator may start the 
ringing again, if desired. 

Intermittent ringing is used for toll calls because it has been 
found to be the more effective than manual ringing. Where 
local ringing is periodic and toll calls are rung by hand, much 
delay results^ The subscriber is inclined to think that the 
manual ring is merely some local call which is very shortly 
released. . Consequently he pays no attention to it. But the 
periodic signal gets his attention and greatly shortens the time 
of response to toll as well as to local calls. 

The toll connector tests the called line as does any connector. 
If the line is busy, it sends a busy tone to the operator and also 
extinguishes the supervisory lamp at the toll board. When 
the line becomes free, the connector seizes the called line, stops 
the busy tone, and lights the supervisory lamp at the toll 

board. When the toll operator sees that the line is free, she 
starts the ringing by pulling a key. 

The release of a toll-to-local connection is controlled by the 
toll operator.. Merely pulling the plug out of the trunk jack 
causes the switches to be restored to normal. 


Toll Switching between Exchanges 

. ^ * s . desired to discuss under this heading the general con- 
siderations involved and to give some concrete illustrations 
oi how exchanges are linked together. 

General Considerations. The linkage of exchanges of any 
kind into a network requires, beside the toll lines, adequate 
means for switching these links to each other and to the lines 

tv 6 S f ®f n ^ ers who are to to each other. In arranging 
is switching, thought must be given to the cost of effecting 

traffic handled nS ' ^ ^ effeet ° f the means on the v °tonie of 



1919] SMITH: AUTOMATIC TELEPHONE SWITCHING 1593 

The usual manner of handling such calls is to have one or two 
operators in the originating exchange to connect the originating 
telephone and the toll line together, another operator at each 
switching office for toll lines, and one or two operators at the 
called exchange to connect the toll line to the called telephone. 
If each exchange has several offices and private branch ex¬ 
changes, still more operators may be required. 

It has been found that the manual switching of toll lines, 
among themselves and to the subscriber lines, entails con¬ 
siderable loss of time. This is chiefly due to the time required 
to gain the attention of operators who have other lines to 
serve beside the one in question. It lengthens the time re¬ 
quired to set up a connection, it interferes with supervision, 
and delays the release of the circuits after both subscribers 
have hung up their receivers.' This is so great a drag on the 
service that it has led to the establishment of many direct toll 
lines between important points, so as to do away with inter¬ 
mediate switching. This lowers the time-efficiency of the long 
direct line, because it can not be used for any intermediate 
traffic. 

For at least twelve years toll lines have been switched by 
automatic means and experimenters have been at work pro¬ 
ducing apparatus which is adapted to this service. The first 
discovery made was that automatic switching increased the 
capacity of the toll line at least fifty to one hundred per cent. 
This remarkable increase is due to the speed of connection, the 
accuracy and promptness of supervision, and the quick clearing 
of the line after both subscribers have hung up their receivers. 

No matter how the switches are controlled, the line must 
permit manual operation at any time, must operate automati¬ 
cally in both directions if both ends are at automatic exchanges, 
when seized must give positive indication to all stations con¬ 
cerned and must give supervision of both originating and called 
subscriber to the one operator who controls the connection. 

Uniform operation is highly desirable. This point has 
received attention in developing automatic switching over toll 
lines. It is so arranged that if the operator plugs into the jack 
of an automatic toll line and rings, the call will go through 
manually as formerly. But if, after plugging into the jack, 
the operator throws the calling device key, she can put the call 
through automatically. After dialing the number, the operator 
rings with the regular ringing key. This operation holds no 
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matter whether she is switching toll lines only, or if she auto¬ 
matically completes the connection to the called subscriber. 

A few illustrations will show how automatic switching is 
applied to various toll traffic services. In order to avoid 
confusion, the examples will be very simple. 

Consider the case of two adjacent exchanges which have 
free service from one to the other Fig. 9. Let each exchange 
be represented by four hundred-line-boards, having selectors 
and local connectors. 

The lines (1 and 2) which carry the inter-exchange traffic 
are equipped at each end with a selector, and are in addition 
multipled to the banks of local selectors. A repeater is inserted 
between the selector banks and the lines for the purpose of 
holding the local switches from releasing, feeding common 
battery for talking, etc. 
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Fig. 9 Automatic Exchanges Connected by Free Automatic Trunks 

The banks of the toll selectors are run to the jacks of toll 
connectors, one in each hundred-line-board. These toll con¬ 
nectors have their banks multipled to the banks of the local 
c “ t0 -> so that all subscriber lines can be reached. 

When a subscriber in exchange A desires to call one in B he 

to seize one of the 

lines, making it busy on the banks of all other first selectors in 
ftl-fA and B. He then dials the directory number 
at B aurf te ?f ph °T’ whlch first operated the toll selector 
chosen d th6n the t0 1 connector in the hundred-line-board 

the\on^n-npra+ Ce 1S f rt 6 the lines can be arran £ed so that 

connection 5® °" glnating exchange can complete the 

onnection without the aid of the toll operator at the dictnnt 

toll selectrf lg ' ^ ^ to11 lines wil1 terminate at each end in 

mnS rom S loS f? T* ° n the to11 boa ^. The 

runks from local selector banks will also run to the toll board. 
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When a subscriber in B desires to call one in A, he dials a 
single figure number which causes his first selector to take an 
idle trunk to the toll board. The toll operator answers the 
call in the usual way. She has a calling device which may be 
associated with any pair of cords. When she plugs into the 
jack of the toll line, she makes it busy at both ends, showing 
the busy lamp at exchange A, so that the toll operator there 
will not try to use the line. The operator at B then dials the 
call through to the subscriber in A. 

The operator at B controls the connection, giving it the 
usual supervision. When the subscribers are through, she 
pulls out the switchboard plug, which causes all switches to 
release. 

The identity of the originating station may be verified by 



Fig. 10 —Automatic Exchanges Connected by Automatic Toll Lines 

having the subscriber hang up his receiver. When the line 
connection is ready, the operator calls the originating sub¬ 
scriber automatically and permits conversation. 

The apparatus is arranged so that the toll lines can be 
operated manually without change. If the operator after 
plugging into the toll line jack rings in the ordinary way, she 
will cause the customary lamp or drop to be displayed at the 
other toll board. 

If between two such exchanges there is a toll central office, 
the lines can be interconnected by automatic switches with 
great saving in time. Consider, Fig. 11, four toll lines meet¬ 
ing at a toll office, which is manually and automatically 
operated. The former may be necessary for handling traffic 
to and from local subscribers. 

Each toll line will terminate in three places, the toll board 
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multiple, the automatic switch bank multiple, and the jack of 
the automatic switch belonging to that line. 

If a distant exchange seizes a toll line, it is automatically 
made busy on the banks of the toll selectors and also lights the 
busy lamps belonging to it on the toll board. The distant 
exchange then dials the number of the toll line desired. When 
that line is seized, it is made busy on selector banks and toll 
board (as was the originating line.) 

If the incoming call is for a subscriber in the exchange 
attached to the toll office, two ways are open for handling 
it. The distant exchange may ring on the toll line, cause the 
line signal to show on the toll board at the toll office and 
use the operator there to complete the connection man ually 


TOLL LINES 



or automatically. The second way is to run trunks from the 
banks of the toll selectors to the automatic switches of the local 
exchange and to permit the distant toll operator to dial through 
to the subscriber and supervise the call. 

The application of automatic switching to toll lines in a small 
net work will illustrate some of the possibilities. For the sake 
01 simplicity, each exchange is limited to 1000 lines. 

Let us consider five automatic exchanges Fig. 12. Four of 

mate sm° ^ ?' ar \ located at the corners of an approxi- 
lateral ^ xelia ^§ e M is near the center of the quadri- 

adiacent fur ther that free service is given between all 

between but that a char S e is made for traffic 

between opposite corners (A and D, B and C). The exchanges 

are numbered from 1 to 5 as indicated. changes 
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The exchanges are connected by lines. To keep the illus¬ 
tration simple, assume that there is only one line between 
adjacent exchanges, eight lines in all. Any link can easily be 
increased by adding lines and switches without changing 
the principles described. 

Each exchange has two kinds of first selectors, local and 
incoming. The local first selectors (illustrated by only one, L) 
handle all the traffic originated by subscribers in that 
exchange. One bank level carries the traffic into the local 
switches to local subscribers. Since this is a small system, to 
keep the numbering uniform, each exchange has a different 
local level. In A it is the first level, in B it is the second level, 
etc. The other levels lead to adjacent exchanges, each accord- 



Fig. 12—Typical Network of Small Automatic Exchanges 

ing to the number of the exchange. From the second level, a 
trunk goes through a repeater (R) to the line leading to B, 
where it terminates on an incoming selector (I-A from A, 
I-D from D, etc.) 

From the third level a trunk goes through a repeater (R) to 
the line leading to C, where it terminates in an incoming 
selector (I-A from A, I-M from M, etc.) 

The repeater inserted in the outgoing trunk holds the local 
switches in the originating exchanges. 

The incoming selectors (I-A, I-B, etc.) have the right level 
multipled to the banks of the local selectors (L) so that they 
have access through the local switches to the local subscribers. 

These free lines are in reality two-way trunks. Each end 
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of a line is attached to an incoming selector for incoming 
traffic and is multipled to the banks of all the local selectors (L) 
for outgoing traffic. 

Suppose that a subscriber in exchange A calls a subscriber in 
exchange C, whose local number is 3225. The subscriber in 
A will first dial the figure “3” which causes his first selector (L) 
to lift its wipers to the third level and seize the line to C, making 
it busy at both ends so that no one else can intrude. Then he 
dials the figure “3” of the local number, which causes the 
wipers of the incoming selector (I-A) to rise .to the third level 
and to seize an idle trunk to second selectors. The remaining 

three digits choose the hundreds, tens and units and complete 
the call. 


To handle pay traffic between A and D and between B and 
C, as well as between the network and the long distance lines 
to other parts of the country, a toll board is installed at M. 
All incoming selectors in M have the fifth level multipled into 
the banks of the local selectors (L) because all the other ex¬ 
changes are to call M free of charge. But the tenth or “0” 
level is run separately to the toll board. Any call for long 
distance by a “C” subscriber will go directly to the toll board, 
because the directory lists the long distance operator so as to 
■securethat result. “Long Distance” may be listed as “50” or 

as 00 , because the banks of the local selectors (L) at each 
exchange can be multipled that way. 

Tranks from incoming selectors at M and the toll board are 

S *T r t te l S ° that the t0U operator knows the origin of 
each call which comes to her. 

ini-lif sub ® crider A desires to cal1 some one at D, he is 

the fol! e Kn 5 7 ^ reCt0ry t0 Cal1 “ 50 ” which leads his ^11 to 
Dletes the a n ’ nl? 16 operator makes the charges and com- 
^ . e ca The operator has lines leading into the local 

is available. If desM 
pecial toll selectors may be set aside for her use If the 

dlrects fte oridnat- 11 ^ iS in question ’ the operator 

the T k g atmg subscriber to hang up. Then she calls 

fTe tL C K he gaTC - this estabM >« identity? 11 

throuvli B oir" a 61 ?" KS t0 avoid Payment by calling 

bott iese pTact doeTltt The inC ° mta ? ^A) af 

the D exchano-e Tt d • have any connection on its bank for 

be tries to diaffrom A CS ‘m to°D 1°"* ° f *’“* ^ “ 

same difficulty. g t0 hejnll run against the 
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It is possible to multiple the banks of local selectors so that 
if a subscriber tries to evade payment, his call will be diverted 
to the toll board. This is done by connecting the level which 
will be called to the level carrying the trunk to M (see exchange 
C.) 

Suppose that a subscriber in D has business with a sub¬ 
scriber in B, whom he calls frequently free of charge by dialing 
“22” plus the rest of the number. If that D subscriber moves 
to C and attempts to call “22” as before, he will find himself 
answered by the toll operator at M, who will make the charge 
and complete the call. Level “2” of local selectors in C is 
multipled to level “5” and the trunk to M. The incoming 
selector (I-C) in M has its second level multipled to the tenth 
and thus to the toll board. 

Long Distance Toll Lines 

It * seems to the writer that .there is no insurmountable 
obstacle to prevent the extension of the automatic switching 
of toll lines to include long distance lines of any length. The 
only limit is that of desirability. Any distance over which 
telegraph can be worked can be covered by automatic dialing 
on toll lines. The problem is • more difficult than straight 
telegraphy, for the transmission of the voice must be safe¬ 
guarded. But as the advantages become more generally 
known, automatic switching will be extended as far as there is 
any advantage to be gained. The farther two points are apart, 
the more line there is involved in each conversation and the 
greater the need of economizing time. 

The Comprehensive System 

The automatic switching of telephone lines of all kinds is 
available for building up a comprehensive telephone system of 
large usefulness. It serves equally well the farmer, the small 
town dweller and the citizen of the metropolis and links them 
all together. Everywhere that telephone lines are to be joined 
and disconnected, and where human intelligence is not abso¬ 
lutely indispensible, the automatic switch materially increases 
the efficiency. Every year people are revising their views on 
what constitutes a real need for human intelligence, and this 
revision is not confined to any one industry. 

Gradually the use of automatic switching is extending its 
usefulness and Raising the effectiveness and the efficiency of the 
whole comprehensive system. 
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Summary 

Automatic switches made with reasonable care, to well 
known and definite limits, give superior telephone service with 
plenty of margin to spare. Automatic switching is not so easy 
that any kind of apparatus thrown together in any sort of way 
will give good service; neither is it so difficult that prohibitively 
expensive machinery barely secures commercial results. 

The ways of connecting automatic switches together so as 
to form a smoothly operating system are many and varied, and 
permit adaptation to any class of telephone service. It meets 
the need for telephony, not as manual switching meets it, but 
in its own way, which in many particulars is better. This art 
rests upon a reasonable and scientific foundation. 
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Discussion on “Applicability of Automatic Switching 
to all Classes of Telephone Service (Smith), New 
York, N. Y., December 12, 1919. 

Selby Haar: I saw an announcement in a New York 
paper recently that some of the new exchanges which are to 
be opened by the telephone company in this city will have, 
at least, in part, some automatic equipment. I wonder if 
that will be of the type described in the paper tonight. 

Lyman F. Morehouse: I think perhaps I can answer the 
question just asked. There are several types of automatic 
telephone equipment, and Mr. Smith in his very interesting 
paper has described one of them, which has attained quite 
a field of usefulness. The conditions which obtain in New 
York City, for example, are, however, such as to require the 
installation of automatic equipment different from that des¬ 
cribed by Mr. Smith. 

Paul S. Clapp: I had the good fortune to be in Central 
Europe with Mr. Hoover's Commission and assisted in the 
establishment of communications for that Commission. At 
Prague we came into rather intimate contact with the Czecho¬ 
slovak Director of Public Telegraph, and he said as soon as 
they could get money in that country, they would build 
telephone systems. Of course, the labor question is a very 
important one throughout Europe, and they were particularly 
interested in anything connected with automatic telephone 
systems. That statement of the Director of Postal Tele¬ 
graph has two significances—one, in showing the alertness of 
European engineers to grasp improvements in American means 
of communication, and secondly, a realization of the shortness 
of labor and their desire to introduce machines to do work 
wherever possible. 

Fred L. Baer: (Read by D. McNicol) In these days 
of disputes between employers and employees when both are 
so prone to ignore the third party to all such disputes, the 
long suffering public, it is perhaps of interest to mention that 
in several instances within the past year automatic exchanges 
continued to serve the public for periods of a month or more 
with practically no one in attendance in the central office. 
While under normal conditions it is necessary to follow main¬ 
tenance routines, these are largely precautionary methods to 
anticipate, trouble which might ensue frorn non-standard 
conditions and many of the routines can be discontinued for 
a more or less indefinite period in case of an emergency. 

In the paper we have learned of many of the advantages 
of automatic operation under various conditions, but it might 
be of interest here to describe briefly how the condition of 
full automatic service, especially in large networks, is ap¬ 
proached. 

It is not often that the cut-over from manual to automatic 
operation is effected instantaneously in large networks except 
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where the manual equipment which is to be displaced is of a 
more or less uniform condition justifying the replacement. 
In most cases the transition period is likely to be from two 
years to seven years or more, so that there is a considerable 
time during which there is a mixed manual and automatic 
service. Obviously as far as the telephone user is concerned 
the method of operation should be such that manual sub¬ 
scribers will originate all of their calls as they have been doing 
and automatic subscribers will originate all of their calls by- 
means of the dial. 

Various plans have been followed for affording the mixed 
service during the transition period, each having advantages 
peculiar to the particular case. For calls from a manual 

subscriber to an automatic subscriber the procedure is as 
follows: 

The manual subscriber lifts his receiver and gets the opera¬ 
tor who is known as the “k” operator. The “A” operator 
ascertains the number that is desired and must have means 
for disposing of the call. Since the subscriber is likely to 

cither to a manual or to an automatic number, 
A. operator must be able to take care of either case. The 
control and supervision of the connection should always 

remam with the “A operator. The plans for completing 
the calls to automatic are, 

First. The “A” operator's position can be equipped with 
a dial and the operator can dial the desired number. Ordinar- 
°P erator will have trunks direct to each office, and it 

the mfrrfhfr 6881t0 ° nly the last four di S its of 
S?? ’ Thl r. A operator s work in handling a call of 

trunk call by orderwirl ^ Same aS f ° r handling a manual 

trunTt!?* Sy “ A ” °P e j rator can extend the call over a 

assignment W^iL° Per !r 0r ' after havin S obtained a trunk 
ssignment nom the sending operator. The “A” ooerator’s 

hai l <illn S » trunk X Thl 

points can be at 0ne or more convenient 

points, can be equipped m the following manner: 

After lemStKJf f ° r ea ^. h tru , nk and a common dial. 

proper traffic assi SSSjf T r the ° rder wire and making the 
key of 5®, .°? erator uses the dial cut-in 

the dial key to normal and dials the number, then restores 

except blit iLTS' T hls °P erator has no supervision 

a 'Sssrrxft* 

of operation should handle ft 

receiving^ tlfe^nurnber devir-v, so that when 

sets the call ud on fan iTlilVtr order wire, this operator 

proper trunk has beei seized btrtfn MA me ’' ai ud when the 

seized by the A” operator, then the 
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machine is started and sends the impulses. This operator 
has only busy guard lamp supervision and the control of the 
connection rests with the “A” operator. A second-sending 
operator with this method of operation should handle from 
550 to 600 calls per busy hour. 

When only a relatively small portion of a network is to be 
converted to automatic initially, it may be more practical 
to use the second plan rather than to equip all “A” positions 
with dials and instructing the entire staff in the dialling 
method of operation. Whether the sending operator would 
be provided with a dial or a special sending device would 
depend on the length of the transition period, and since the 
special sending positions are considerably more expensive, 
than the dial position, and could be justified only on the basis 
of operating savings. Obviously as the conversion work pro¬ 
ceeds, there will be an economical point at which the dials 
can be placed on the “A” operator's positions. 

For calls from automatic to manual the procedure is as 
follows: 

First. The directory listings can differentiate between 
manual and automatic subscribers. Then the automatic sub¬ 
scriber could be instructed to call a predetermined digit, say 
“9”, for calls to manual subscribers the call would then be 
routed over a trunk to a nearby manual operator, where it 
would terminate as a subscriber's line. An "A" operator 
would answer and complete the connection the same as a 
manual call. 

Second. The directory listings can differentiate between 
manual and automatic subscribers. Then the^ automatic 
subscriber could be instructed to call certain digits to route 
the calls to the proper manual exchange where the trunks 
would terminate before an operator who would answer and 
learn the desired number and the call would be completed 
by plugging into the multiple. If the trunks are plug-ended 
and equipped for machine ringing, then the operator can com¬ 
plete about 300 calls during the busy hour. 

Third. The directory listings would all be on an automatic 
basis. Then the automatic subscribers would dial the 
numbers as listed, and the call would be routed to the proper 
manual exchange where the last four figures would be displayed 
before a special operator who could associate the proper 
trunk with the number indicated, and by plugging into the 
proper terminal of the multiple complete the connection. 
An operator with this method of operation should complete 
from 550 to 600 calls per busy hour. 

Fourth. The calling subscriber would proceed as in the 
previous case, but the call instead of being displayed before 
an operator, would be set up on selector, and connector switches. 
The banks of the connector switches would be connected to 
the corresponding hundreds of the manual multiple, and the 
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connectors would be arranged to function properly with the 
manual multiple. 

When only a relatively small portion of a network is to be 

converted to automatic initially, it may be more practical to 

use the first methods, as the conversion proceeds the second 

method will have its advantages. When a considerable 

portion of the plant has been put on an automatic basis, then 

either the third or fourth plans will be more suitable. Which 

or these two plans is followed would depend largely on the 

ability to finance the installation of the selector and con- 

nector equipment, because the saving in operating labor 

would be obvious. The fourth plan has many advantages 

to ^ the operating _ company, because operating labor can be 

t0 a even calls from one manual office to 

hftS' office can be completed by the “A” operator 

. ® originating office, through the selector and the con¬ 
nector equipment. 

aff otyW U mivori P6ar ' • aft a’ describing the various means of 

plans an* SifT during a transition period, that all 
plans are feasible. A special study is required in each rasp 

tha^ffi^ffian^hhihV 68 ^ sui - ed - , The writer, however, feels 

the shortest time wJ 13,15 m bh? complete conversion in 

tlme ls the . one which will eventually be followed 

which cannot aWai^ 111 advantages which are apparent, but 
A C ^U D 0t aIw ays be represented in a cost study. 

know that althourfiThp 1! 1 onl y ri ght, that you should 

I referred hS htPF esent 7 automatic switch, to which, 

Sikbl f° eS n0t b y. an 7 mean^imTt th?number ffi^trS 

between' ffiffereffi pa?ts ! of between ffi differe nt offices, or trunks 
to 200 trunks ii Same the way from 150 

nations of the apcarftus ,rII- f? 6 b y/Stable combi- 
not be difficult to increase Sa f m saymg rt wil1 

This has already been d one fnp art °° trUnkS m ° ne grou P’ 

France Inow^as^the^ThomDson 3 ’!! 011 ’ + the '^ * S a com P an y in 
been making some autom^ Jl" H ? t0n C ° man y> which has 
to make more Ut ° matlc apparatus and is in a position 

because Mr^BaerMs 8 aif maw? - re P aires no answer from me, 
whereof he speaks. pei t ln bls own line, and knows 
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THE SEARCHLIGHT IN THE U. S. NAVY 


BY RALPH KELLY 


Abstract of Paper 

The types and uses of searchlights and signaling lights on 
naval ships are briefly described. 

A changed form of 12-inch incandescent searchlight is sug¬ 
gested which will insure the lamp bulb filament always being 
at the focal point of the mirror and of the correct type for the 
application. 

The present type of low-power searchlight has many faults. 
These faults may be corrected by supporting the carbons rigidly 
near the arc, the positive carbon being held at the focal point by 
a.simple automatic control. The best size and material of 
carbons should be used regardless of the burning ratio. 

The introduction of the high-power searchlight revolutionized 
the application of the searchlight to naval ships. Although 
great improvements have been made since that time there is 
still room for a material reduction in the number and complex¬ 
ity of the parts. 

It is believed there is also a possibility of a considerable im¬ 
provement in the electrodes. 

The use of the dome glass door enables a searchlight to operate 
in close proximity to large calibre rifles and makes it possible to 
successfully build even larger sizes of searchlights than those at 
present in use. 

The star shell has great possibilities, but it is doubtful if it 
will ever supersede the high-power searchlight. 


T HERE are three distinct types of searchlights commonly 
used in the United States Navy: 

The incandescent searchlight, 

The low-power searchlight, 

The high-power searchlight. 

These types are used for navigational work, for both daylight 
and night signaling and for illumination of enemy ships in night 
engagements. Each type has its field of usefulness in navy 
work. 

' The development of the searchlight for naval use was prac¬ 
tically dormant for the few years prior to 1915.* In 1915 it was 
revived by the adoption of the high-intensity light for capital 
ships after a long series of tests under laboratory and sea-going 

* “Searchlights” by C. S. McDowell. Transactions A. I. E. E. 1915. 
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conditions. Since that time the development has been so rapid 
that searchlights purchased in one year became almost entirely 
obsolete the next year. 

The object of this paper is to describe the various types of 
searchlight equipment at present in use in the navy, their field 
of application and the paths of future development demon¬ 
strated by experience gained during the war. It is hoped that 
there will be a free discussion along constructive lines of the 
suggestions for future development of searchlight equipment 
for naval use. 

The Incandescent Searchlight 

present there are four separate forms of the incandescent 
searchlight used in naval service: 
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Fig. 1 The Portable Tube Blinke] 

The portable tube blinker, 

The yard-arm blinker 
The Aid is light, 

The 12-in. incandescent light. 

siZBl be daSSed 38 flights as 

between neighboring columns hetwem ships in column. 
Parties on hostile coasts and fh • hlPS ° r between Ending 

accordingly designed^^^, ^ It » 

greet to throw a feeble beam of light of a very 
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contracted area in order to avoid its being observed at long 
ranges or by anyone at whom it is not directly aimed. 

It consists of a long brass tube with a small flash lamp bulb 
placed at one end at the focal point of a comparatively large 
parabolic reflector with a short focal length. The reflector is 
designed to project practically all the light from the lamp bulb 
in the form of a small diameter beam to the neighboring 
ship or station. The inside of the tube is painted black and 
has a long extension between the lamp bulb and the opening 
in the tube end. This tends to eliminate all stray light, 
keeping the beam to a small diameter. This form of signaling 
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Fig. 2 —Yard-Arm Blinker Light 


light performs its duties well and is universally used in naval 
service. 

The only fault that has developed in its use is a minor one 
which may be easily corrected. When used on a small boat 
forming an unsteady platform, such as a destroyer or sub¬ 
marine chaser, it is very difficult to keep the blinker directed at 
the desired receiving station due to the blinker rolling on the 
rail. A rectangular cross section of blinker or a ball and socket 
rest on the rail for the present style of blinker would improve 
the operation. 

(6) The Yard-Arm Blinker, Fig. 2, as its name implies, is a 
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blinker lantern mounted on the yard-arm of a ship and which 
gives out light that is visible all around the horizon. It is 
widely used for night signaling in times of peace and in pro¬ 
tected waters in times of war. The lantern is designed to 
contain a high-speed incandescent light with a filament which 
is placed at the focal point of a Fresnel lens. Signals are sent 
by blinking the light with a telegraphic key which alternately 
makes and breaks the circuit. The lamp bulb used in this 
lantern has been specially developed for Navy signaling work 
with a concentrated filament that heats and cools very rapidly. 

This type of blinker has given general satisfaction and is a 
valuable addition to the signaling equipment of a ship in view 
of the large amount of signaling that takes place between 
naval vessels. In actual practise a circular nest of six com¬ 
mercial tubular lamb bulbs, connected in parallel across the 
line, are used instead of the correctly designed high speed signal 
lamp bulb with its filament at the focal point of the lens. 

No part of the filaments of any of these lamps coincide with 
the focal point of the Fresnel lens with the result that the lens 
disperses all except the direct rays of light to the observer, and 
could be replaced with a less expensive plane glass cylinder. 
The nest of lamps with a comparatively long life is used by navy 
personnel in preference to the short lived high-speed signal 
lamp, as the blinker lantern is located at the end of a yard 
arm. Any lamp combination that requires infrequent replace¬ 
ments is for this inaccessible light more popular with the blue¬ 
jacket than a better short-lived lamp. 

The nest of lamps, as far as can be determined, gives entire 

satisfaction in signaling work, making it possible to replace the 

comparatively expensive Fresnel lens with an inexpensive plane 
glass cylinder. 


(c) The Aldus Lamp, Fig. 3, is a projector of British design in 
which advantageous features are incorporated that make it 
supenor to similar lamps previously used in naval service. 
While primarily designed for daylight signaling, it has been 

and for signaiingin aii ^ ianes 

of' lf is ^ light ’ wdl b 2 lanced > portable affair 

liLt Wm^r, ? S i gnal8 1 by alternatei y throwing a search- 

° n and f an observer. This is accomplished by 

lamn L^bT™ ba ° k and f ° rth by means of a digger, the 
lamp bulb burning continuously. The lamp bulb is m a im - 
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factured to such close limits that when it is screwed into a 
special socket in the lamp, its filament is in the focal point of 
the mirror. 

This type of signaling lamp is universally used on ships, 
shore stations, dirigibles and airships. Its success is due to its 
high signaling speed, its compactness and portability, but most 
of all to the fact that, regardless of the personnel handling it, 
the lamp filament is always at the focal point of the mirror and 
a long range efficient beam is obtained at all times. 

(d) The 12-in. Incandescent Lamp Fig. 4, is largely used in 
naval service on all classes of naval vessels for long range day¬ 
light signaling in fair weather, and for navigational use at night 



on small boats. This type of light has not been generally 
successful in its present form due to the fact that it requires 
special adjustments and care in service, for successful operation. 

It has a fixed parabolic mirror with a high-speed signaling 
lamp bulb which screws into a standard socket. The socket 
can be adjusted to place the filament of a commercial lamp bulb 
in the focal point of the mirror. This adjustment is made large 
to permit the use of several different sized lamp bulbs ranging 
from 150 to 400 watts. The whole is contained in a cylindrical 
drum which is commonly made of sheet iron. Signals are 
sent by blinking the filament of the lamp bulb by a telegraphic 
type of key. 

This lamp has proved successful for navigational work on 
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small craft and particularly so for submarines. A small 9-in. arc 
lamp was specially developed for submarine use, but its lack 
of portability, attention required in operation, and necessity 
for frequent recarboning caused it to give way to the incandes¬ 
cent searchlight. An important factor that entered into this 
change is that a submarine is frequently submerged without 
there being sufficient time to dismount the searchlight and 
stow it below. An incandescent searchlight can be submerged 
without permanent damage, while an arc lamp is placed out of 
commission. The small amount of care required for the incan¬ 
descent type of searchlight, and the comparatively long life of 
a lamp bulb in comparison with a trim of carbons, makes a 
coi rectly designed light of this type ideal for use on small craft 
with limited personnel. 

The faults in the present type of light have been demonstrated 
by its use in daylight signaling. At the present time the cor¬ 
rectly designed Aldis light, with a 4.14-in. mirror and 40 watt 

lamp, is the equal in signaling power to the larger light with its 

11- in. mirror and a 150-watt lamp. Considerable adjustment is 
permitted, both in the horizontal and vertical planes of the 

12- in. incandescent light, to allow for variations in filament 
location m commercial lamps, and to permit the use of various 
size lamp bulbs. Every time a new lamp bulb is inserted in the 
projector, the operator should focus the projector for that 
particular filament. This is rarely, if ever done, and in service 
m not one lamp that the writer has inspected has the lamp 
filament been at the focal point of the mirror. In the majority 

oLnT 8 Of haS been approximately one inch out of focus in each 
and Lv°tl C T S \ m thls J condition mirror is of no value 

trnt°„bi™ dlrect rays °' ,i8ht from “■»»* - a- 

simed fnftv Peed C Tr e ? 5 " ated filament lamp bulb specially de- 

co?centmt2 fif ? g ? tlS almost Identical in appearance to a 
ncenti ated filament stereoptican type of lamp bulb designed 

SSTCTSffl wor , V"* ,ile ^ 

not be ul mentCO ? andta s^ slowly and it can- 
sed at all for signaling work. Due to the similaritv in 

appearance, both types of lio-ht ^ , no tne similarity m 

the 12-in. searchlight. TjL°perZnTnnt m<dl ?. C ™ at f ^ for 
are two entirelv difWn+ + personne h not realizing that there 

condemn them both and use? ° f ampS ° f , ® imilar appearance, 
happens to fit the cam i ^ oaimercia l Mazda lamp which 

filament comes T SOCltCt - but “ "-hieh no part of the 
ment comes any where near the focal point of the mirror. 
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The design of a new type of light along correct fundamental 
lines, is contemplated to be arranged so that it cannot be used 
incorrectly by naval personnel. The same type and size of 
mirror will be used in a brass non-corrosive drum. The 
lamp socket will be permanently fixed in such a position that 
when a 150-watt, high-speed lamp bulb is placed in it, some 
part of the filament will be in the focal point of the mirror. 
The ordinary high-speed 150-watt lamp is manufactured with 
a dimension across the filament of approximately inch so 
that in the great majority of cases with such a lamp, some 
part of the filament will be in the focal point of the mirror, 
even with ordinary commercial limits of manufacture. 

To eliminate the use of lamps other than that specially 
designed for this class of work, the lamp bulb must be of such 
design that no other lamp can be used in the socket. One way 
of accomplishing this object is to make the signaling lamp with 
a bayonet base. Similar precaution will have to be taken in 
a 12-in. incandescent searchlight that will be used only for 
searchlight work to provide only for the use of a concentrated- 
filament, long-life, stereoptican light. 

Attempts have been made to extend the use of the incandes¬ 
cent searchlight to larger sizes such as 18- or 24-in. using 
larger wattage lamps. To obtain the larger lamp capacity; 
the filament area must be increased with the result that the 
intrinsic brilliancy of the filament remains approximately the 
same and there is practically no increase in light. There is no 
attempt being made at the present time to increase the size of 
the incandescent searchlight beyond the 12-in. size. 

Low-Power Arc Lights 

The number of sizes of low-power arc lamps in navy service 
at the present time is legion, a 9-in., 12-in., 18-in., 24-in, 80-in., 
36-in. and even a few 60-in. are used. The large number of 
sizes is a natural growth during a long period of years, new 
sizes having been developed for special applications. 

The 9-in. size was developed specially for submarine work 
and is practically the 12-in. size of lamp with a few nec¬ 
essary modifications to fit it to the smaller drum. It has 
recently been superseded for submarine use by the 12-in. 
incandescent searchlight. 

The 12-in. size is the most commonly used of all searchlights 
\n naval service., It is used principally for long range daylight 

i t , •» ■ *. * 
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signaling on all naval vessels and for navigational lights on 
small boats. It has a wide field of usefulness and practically 
every naval ship has at least one of these lights as part of its 
equipment. 

The 18-in. searchlight prior to the present war was used only 
on merchant vessels. Although the present type is not well 
constructed, a large number of them were purchased when the 
United States entered the war as there was a great shortage of 
searchlight material at that time, and a large number of 
ships to be equipped. 

The 24-in. low-power light has a limited application for 
navigational work on naval vessels, such as hospital ships, fuel 
ships and tenders of all types and a certain field for long range 
daylight signaling. 


The 30 and the 36-in. low-power searchlights were placed on 
battleships and cruisers prior to the development of the high- 
power searchlight. They are rapidly being replaced by high- 
intensity lights or being converted into high-intensity lights 
and will shortly be obsolete in naval service. 


It would be of great advantage in the future to use only 
one size of low-power searchlight, 12 in. or 18. in., develop¬ 
ing a searchlight along fundamentally correct lines to give a 
ar greater beam candle power under operating conditions 
an P resen t 12-in. light. It is believed that a new 
in. ight can be developed to give as great illumination 
on the target as the present 24-in. low-power searchlight. 
All sizes of low power searchlights in service are essentially 
e same m design, the mechanism differing only in size. A 
typical mechanism is shown in Fig. 5. The positive and nega¬ 
tive heads are each supported on a separate movable carriage. 

^ Se F arately geared to a motor or solenoid 

rate wtf lf the tW ° h f ds togetlier at a Predetermined fixed 

the ’catots 18 TlT 4° C f ° rrespond to the burning away of 
for <?rW tw l Specibcatlons for purchasing carbons call 

proper gearmJ* * ^ fixed rates wilicl b combined with 

Result in the bn >• he mechanism > will theoretically 

reflector at all r S1 1Ve ^‘^ er be * ng * n the focal point of the 
a Sneed wS arC lengthis kep * constant by 
carbon wSt f T g m 1 echanism that feeds the negative 

Sw iS When the arc V0ltage is bigher 

paratively large diameter slnwT^ S1Z€ carbons are of com - 
density. ter ’ slow burning and with a low current 
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This design of searchlight lamp has many inherent fundamen¬ 
tal faults that may be easily corrected. Its principal fault in 
operation is that rarely if ever is the crater of the positive 
carbon at the focal point of the reflector. When it is considered 
that a cross-wise deviation of 1/16 in. of the crater from the 
focal point of the projector will give a beam of approximately 
double the width and one quarter the intensity of a standard 
searchlight beam, it is realized how important it is to maintain 
the craterof thepositive carbon at the focal point of the reflector. 
Carbons cannot be manufactured commercially to give the exact 
burning rates specified, but vary from that rate as much as 
20 per cent in each direction in extreme cases. Specifying the 
burning rate of carbons is a distinct handicap to a carbon manu¬ 
facturer tending to hinder the development of better carbons. 

The carbons themselves are of comparatively large diameter 
producing an arc that has a tendency to wander over the face 
of the positive crater, resulting in an unsteady beam and a 
comparatively cool, low-intensity source of light for the 
searchlight beam. The intensity of a searchlight beam varies 
with the temperature of the positive crater which makes it 
desirable to have a carbon current density which will give the 
greatest temperature at the positive crater.’ Each grade of 
carbon has a definite boiling temperature and an increase in 
current density beyond that necessary to produce that tem¬ 
perature only causes the carbon at the crater to boil away 
faster with no increase in crater temperature. An ideal con¬ 
dition, therefore, is to use a carbon with the highest boiling 
point and a current density that will just produce a crater 
temperature that is equal to the boiling point of the carbon. 

The carbon heads themselves are not rigidly supported 
and have a marked play in all directions. This play is so 
marked that the rolling of the ship will change the posi¬ 
tion of the carbons in the searchlight drum. The current 
is fed into the carbons at their butt ends and flows through 
the entire length of the carbon to the arc. This tends to heat 
the carbon throughout its entire length which often causes 
it to spindle. It also results in a variable arc length, for 
with a short length carbon the voltage across the arc is 
materially greater than with new long length carbons. 

A correctly designed lamp mechanism for a searchlight 
should produce the longest arc length possible at which the 
arc will burn steadily, to reduce to the lowest possible value 
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proposed light would be rigidly iixcd in posit ion with absolutely 
no play nor adjust ment, would haven simple automatic control 
i positive craliT to maintain ilia; crater in the focal point 
' *^ t Oi <il, a!i t.iinos, mill Would have i he eurrent fed into 
the carbons close to the arc. As in the present 12-in. search- 
h.irht, the arc length could lie coni rolled by a solenoid feed. A 
(pound glass Under should he providi'd to etiahlo an ooerdor 
to dutch Hie position of the positive crater. 

1 he automatic cunt rol of l he positive and the voltage control 
ol the arc results in the carbons briny fed independently of their 
mining rates. Accordingly, if improved carbons with different 
burning rates are developed they may be used in this lamp 
with practically no change in (lie lamp mechanism, a condition 
winch is not possible in t he present, type of lamp. The carbons 
wouhi be manulacttired will) diameters in the neighborhood of 
one half the present, size, which would result in a hinher temner- 
ature ol crater, a closer approach to a. point source of light and 
a smaller negative shadow on ! lie mirror. These carbons should 
be made of the best, combination of materials of the highest 
boiling temperature that, will maintain a steady arc. These 
searchlights should be equipped wit h a Venetian blind signaling 
shutter to permit, their being used for daylight signaling as 
wt. as oi navigational work. Such a light would be suitable 
tor daylight, signaling and navigational work on battleships, 
cruisers, auxiliary ships, destroyers, seagoing tugs, transports; 

in dC 1)1 d ,iav V vessels it would supersede the numerous 
sizes of low-power searchlights now in naval service. 

I he change would be of advantage both to the manufac¬ 
turers and to the navy. The manufacturers will have to 
eve op ane keep in stock but one set; of tools and patterns and 
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can concentrate on the improvement and development ol: that 
one type of searchlight. The navy will benefit by having to 
keep a stock supply of only one size of low-power searchlight, 
which will require a stock supply of only one kind of spare 
parts and accessories like mirrors, lamps, rheostats, switches, 
shutters, etc. 

High-Power Arc Lights 

The invention of the high-intensity arc revolutionized the 
searchlight for naval use. The 30-in. and 36-in. low-power 
searchlights previously used had a maximum range of approxi¬ 
mately 2000 yards on a dark, clear night. The present 24-in. 
high-power searchlight has a range of approximately 4000 
yards and the 36-in. high-power searchlight has a range of 
approximately 7500 yards under similar conditions. It is 
evident that the the low-power lights are useless in gunnery 
work with modern, broadside defense guns, while the ranges of 
the high-power lights compare very favorably with those guns. 

The high-power searchlight swings to the other extreme 
from the low-power searchlight in that it is a very complicated 
exact mechanism with a large number of intricate parts which 
are designed to operate automatically. Its success depends 
on the so called high-intensity phenomena obtained by the use 
of carbons with impregnated flame cores with high current 
densities, and arranged at an angle to each other. The material 
of the shell of the carbon is of hard amorphous carbon, the inside 
being a combination of special mineral salts with the necessary 
flame producing ingredients. At the beginning the core burns 
more rapidly than the shell, forming a deep crater which 
becomes filled with the flaming gases of the core. The com¬ 
bined effect of the high current density of the arc and the angle 
of the negative arc stream is such that these gases are im¬ 
prisoned for a short period in the positive crater. These 
gases are heated to incandescence while imprisoned in the 
crater, and give a light that is far in excess in intrinsic brilliancy 
of that given off from the solid crater walls. This increase in 
intrinsic brilliancy of the source of light for the searchlight 
results in the superiority in range of the high power searchlight. 

The carbon heads are rigidly fixed in the drum with mechan¬ 
isms included in those heads for feeding the carbons. Contacts 
placed in the carbon heads, close to the arc, feed current in and 
out of the arc circuit. The arc length is kept approximately 
constant by a motor feed that is controlled either by the arc 
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voltage or by arc current and feeds the negative carbon either 
backwards or forwards to maintain constant arc conditions. 

The positive crater is kept at the focal point by automatic 
devices, either of the thermostatic type or of the third electrode 
type. Two of the companies manufacturing high power 
searchlights use a thermostatic control of the positive carbon 
while the other uses the third electrode control. In the thermo¬ 
static device, light from the positive crater is reflected by an 
optical arrangement of mirrors and lenses to thermostat strips 
placed in a box on the outside of the searchlight (Fig. 6). 
When the positive carbon burns back slightly from the focal 
point of the mirror, the reflected light strikes one of the thermo¬ 
stat strips, and distorts it by the heat. The thermostat strip 
in distorting closes an electric circuit which causes the positive 
carbon to feed forward. When it is fed forward to the focal 
point, the reflected light from the positive crater moves off the 
thermostat strip which cools instantly and opens up the feeding- 
motor circuit. 

This device has worked well in naval service and under the 
best conditions of operation will maintain the positive crater 
at the focal point within limits of 1/32 inch, plus or minus. 
The present thermostat mechanism is mounted on the outside 
of the drum in a box which is exposed to the weather. In 
every case in which the writer has inspected searchlights that 
have seen service, there has been either a considerable amount 
of water in the box or evidence of water having been recently 
in the box. Again, the searchlight lamp and the thermostat 
have a definite relation to each other and an adjustment of one 
requires a separate and independent adjustment of the other. 
A thermostat placed inside the searchlight drum and secured 
to the lamp standard would remedy both of these defects. 

The third electrode scheme for controlling the positive 
crater is more simple and substantial than the thermostat and 
operates well under service conditions. This device (Fig. 7) 
consists of a carbon electrode placed above and at right 
angles to the positive carbon slightly behind the crater. When 
the positive crater burns back from the focal point, the flame 
of the arc strikes the third electrode completing an electric 
circuit of which the conducting flame of the arc forms a part. 
Current flowing in this circuit causes the positive carbon to 
feed forward. When the crater is fed to the focal point of the 
reflector, the flame clears the third electrode and the feeding 
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motor circuit is broken. This type of positive carbon control 
has the advantage of being placed inside the searchlight drum 
out of the weather, and of being integral with the positive 
head requiring no separate adjustments. 

The first type of third electrode developed was of carbon which 
required renewal every three trims of the searchlight carbons. 
There has since been developed a third electrode which is a 
copper disk, and which has a very much longer life than the 
carbons. In operation, a coating forms on this copper disk 
which protects the copper from burning and prolongs the life 
of the disk. 

The intense heat of the high-intensity crater and the large 
amount of smoke and fumes emitted from the flame carbons 
make it imperative to have forced ventilation of the carbonheads 
and searchlight drum. An early type of high-power searchlight 
used the comparatively cool vapor of an alcohol flame to cool 



Fig. 8—Diagram op Ventilation of a High Power Searchlight 

the carbon tips and the drum was exhausted by a fan connected 
to a separate motor. The cooling of the high-intensity search¬ 
light was later improved by making hollow lamp standards, 
jacketing the carbon heads, and forcing air through these 
chambers and out through an outlet at the top of the search¬ 
light drum, thus doing away with the alcohol flame method of 
cooling. 

In the first high-power searchlights great difficulty was 
experienced due to the large heat absorption and unequal heat¬ 
ing of the mirror and a great number were smashed due to these 
causes. This condition was finally remedied by efficient cool¬ 
ing of both the front and rear of the mirror by a current of air. 
The ventilating system of a modern high-power searchlight, 
showing the paths of cooling air around the mirror, is shown in 
Fig. 8. The heating of searchlight mirrors has been reduced 
during the past year by the development of a tough white 
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glass of pure materials which has approximately one per cent 
heat absorption against the five per cent absorption of the 
grade of glass previously used for mirrors. 

Three typical searchlights developed by the three present 
manufacturers of high-power searchlights are shown in Figs. 
9, 10 and 11. An inspection of these illustrations shows the 
progress in development of these exact well designed mechan¬ 
isms over the less refined, inexact, low-power searchlights. 

The 36-in. high-power searchlight is the largest size used on 
shipboard for it gives a range comparable to the largest g uns 
and is the largest, at the present time, that will withstand the 
heavy concussions of the ships gunfire. It is only very recently 
that the searchlight has been adapted to withstand the con¬ 
cussion of the gunfire of a nearby 14-in. gun. Prior to this 
time searchlights were equipped with glass front doors made 
of a number of plate glass strips. This type of front door cut 
off approximately 25 per cent of the searchlight beam, was not 
watertight and would smash at the first salvo of the main 
battery. The success of the ventilation system of the high- 
power searchlight depends on obtaining air through a duct in 
the bottom of the drum and forcing it through well defined 
paths and out through an exhaust outlet at the top of the drum. 
This scheme of ventilation is made ineffective when the front 
door is smashed with the result that the arc flickers and the 
searchlight parts become overheated due to an insufficient 
supply of cooling air. 

The smashing of the front door strips leaves the mirror 
unprotected and it is an even chance that the mirror will smash 
at the next salvo from the main battery. It is common prac¬ 
tise on shipboard to dismantle searchlights equipped with plate 

glass front doors before a target practise, and stow them away 
in a safe place. 

This condition has been remedied by the use of a front 
door made of one solid piece of arch shaped glass similar in 
shape to the parabolic mirror. This type of door has given 
excellent service in the fleet and hot one of the many dome glass 
doors that have been installed on navy vessels has been smashed 
during taiget practise. This type of door cuts down the 
searchlight beam no more than the plate glass strips and makes 
the searchlight entirely self-contained and waterproof. 

The trend of future development of the high-power search¬ 
light should be in the simplification and the reduction of the 
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large number of intricate parts on the present searchlights. A 
searchlight must necessarily be placed in a position exposed to 
the weather, and will be operated by enlisted personnel. It is 
a struggle to maintain the present complicated high-power 
searchlight mechanisms in operating condition under the severe 
conditions of operation on smaller boats like destroyers. 
After a few days at sea on a destroyer in rough weather, the 
present high power searchlights often become inoperative and 
require a number of hours overhaul to place them in operating 
condition. Such a searchlight soon loses its popularity with 
destroyer commanders and they justly complain that the high- 
power searchlight is more suitable for laboratory use than for 
destroyer use. 

There is still room for a large improvement in the size and 
material of carbon electrodes for high-power searchlights. At 
the present time a carbon is used which has a hard carbon shell 
and a core made of a combination of flaming materials. This 
core gives off gases which are heated to incandescence in the 
arc and give the high intrinsic brilliancy light characteristic of 
the high-power searchlight. It also gives off a very brilliant 
flame which causes a correspondingly brilliant objectionable 
foreground illumination and gives off gases that tend to blacken 
the mirror and the front door. 

It is a well established fact that the color and intensity of a 
searchlight beam is dependent only on the temperature of the 
source of light. The use of flame-colored salts in the electrode 
gives a high temperature but also burns with a large brilliant 
flame. It is believed that a proper selection of carbon ma¬ 
terials, perhaps the use of a solid electrode of a very refractory 
carbon with a small negative carbon, will give the same amount 
of light that is obtained from the present high-power type of 
carbons. The flame from a combination like these would be 
practically transparent with no objectionable foreground il¬ 
lumination, the objectionable gases would be eliminated and 
the present type of very special carbon electrodes could be done 
away with. 

The star shell for gunnery work is also a factor in the devel¬ 
opment of high-power searchlights and bids fair to rival the 
larger high-power searchlights for gunnery work. A searchlight, 
unless skilfully and carefully manipulated, is more of a debit 
than a credit in action as it tends to give an enemy a definite 
point at which to aim. A star shell that satisfactorily illumi- 
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nates the target, leaving its own ship in darkness, has many 
decided points of advantage over a large high-power searchlight. 

However, even if the star shell gives the results claimed for it, 
it will be along time if ever before naval authorities will feel safe 
in removing the 36-in. high-power searchlight from capital ships. 
The 24-in. high power searchlight has had such a marked suc¬ 
cess in long range daylight signaling that it is improbable it 
will ever be superseded for naval use. 

The use of the dome glass door for 36-in. searchlights opens 
up a field for the use of larger size searchlights, such as the 
44-in. and 60-in. sizes for capital ships. It is believed if those 
larger sizes are ever required for naval service they can be 
successfully developed. 

In closing the writer wishes to express appreciation to Major 
Howard C. Judson, U. S. M. C. for ideas contributed on car¬ 
bon development. 
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Piscussion on “The Searchlight in the U. S. Navy” 
(Kelly), New York, N. Y., December 12, 1919. 

Donald McNicol: Mr. Kelly says that a special type of 
incandescent lamp is used. Is the novelty of the lamp in the 
Resign of the filament or the material of the filament? 

G. A. DeGraaf: I ask Mr. Kelly whether the navy has 
peen experimenting with the all-metallic reflector for the 
•searchlight mirror, as the army has been using it. I think it 
js a glass mirror which has been used in the searchlight which 
is apt to be destroyed, due to the compression of the heavy 
gunfire. 

M. L. Patterson: Under the heading of “Low power arc 
lights” the author of this paper has taken up the discussion of 
12-in. low power searchlights, as more or less typical of a com¬ 
pleted line of low power searchlights. It is fully understood 
that high power searchlights are superseding the low power 
gearchlight at 24-in. size and above. I do not, however, 
agree with the author, as stated in paragraph 7, that there 
should be only one size of low power searchlight, for there is 
a large field of usefulness for at least two sizes, preferably 
12 in. and 18 in. 

' In paragraph 7 the author states that it is believed that a 
new 12-in. light can be developed to give as great illumination 
on the target as the present 24-in. low power searchlight, and 
1 wish to bring out a few facts to show that it is not practicable 
to accomplish this result. The current and the arc voltage 
of the two sizes referred to are as follows: 12-in. is 20 amperes 
and 45 volts across the arc. 24-in. is 50 amperes and 50 volts 
across the are. 

Since the beam candle power varies as the area of the mirror 
or as the square of the diameter of the mirror, other conditions 
being equal, it will readily be seen that for the beam of a 12-in. 
searchlight to equal that of a 24-in., the intrinsic brilliancy of 
the crater of the 12-in. must be at least four times that of the 
present 24-in., or over twelve times the intrinsic brilliancy of 
the present 12-in. light. I hesitate to quote beam candle 
figures as data obtained by observers under various atmos¬ 
pheric and operating conditions, show such a wide divergence 
that any figures on beam candle power, unless accompanied by 
a statement of the conditions under which they were obtained 
would be valueless. Nearly all observers, however, agree as 
to the relative intensity of various sizes of searchlights, and 
it can, therefore, be stated that the beam candle power of the 
24-in. high power searchlight is approximately four times that 
of a 24-in. low power searchlight. From this it is evident that 
for the beam of a 12-in. low power searchlight to equal that 
of a 24-in., it would be necessary to use a 75-ampere high power 
arc in front of the 12-in. mirror, and it is our experience that 
it would be utterly impossible to do this as no glass mirror at 
present manufactured would stand^the intense heat of a 
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75-ampere arc within 6 in. of the mirror, 6 in. being the focus 
length of the 12-m. mirror. 

. ^ should further be noted that an increase in current or an 

l n 51 as JL^ _ sl _ ze of the P° sitive cra A er may not increase the 
^ ^powei to any appreciable extent. It may sound 
paradoxical, but it is a fact nevertheless that the beam of a 60-in 
searchhght is smaller than a beam of the 24-in. at or beyond 
500 yards from the searchlight. This is due to the fact that 
the size ol the positive crater of a 24-in. relative to the size 
of the mirror is greater than in the 60-in. searchlight. This 
would be true to a greater extent with the 12-in. searchlight, 
especially if an attempt is made to materially increase the 
P°w«- .The extra candle power would go into bespread 

rather than materially increase the foot candle illumination 
on the target. 

It is evident from this paper that the author favors the 
design of the 12-m. searchlight which will be entirely auto¬ 
matic and have fixed positive heads. If this were carried out, 
it would be necessary, of course, to have brushes for leading 
. e current to the carbon, which would materially increase the 
size of the carbon holder. This construction would also re¬ 
quire a mechanism for. advancing the carbon through the 
brushes and would require considerable more power than is 

now required to move the carriages holding the positive and 
negative columns. 

In reference to the current being fed in at the butt ends of 
the carbons as referred to in paragraph 11, it has been our 
experience that there is very little tendency for the carbons of 
a 12-m. arc to spindle when operating under normal current, 
ihe current density in these carbons, as referred to in the last 
line of paragraph 8, is very low. As regards the variation in 
arc length, it may be stated that the amount of carbon con¬ 
sumed per trim is from 4 in. to 5 in. and the drop in this length 
of carbon with the low current density as used in these search- 
lights Will be the only variation in arc voltage (and length). 
Inis variation is less than the variation in voltage reouired to 
operate the present feeding mechanism. This is, the varia¬ 
tion m arc length due to the range in feeding mechanism is 
grater than the variation due to the drop in the carbons. 

ihe very reason that the 12-in. low power searchlight has 
had such extensive use, _ as referred to by the author in para- 
graph 3, is due to its simplicity and inexpensive design, and 
while there is no doubt considerable improvement that can be 
made m the design without materially increasing the compli- 
cation of the mechanism, it would be a mistake to carry this 
esign to the extent of a completely automatic low intensity 
mechanism. For automatic control it would require fixed 
-b-^mng mechanism for advancing the carbons through 
tne heads, a thermostatic or third electric control of positive 
crater, and ground glass finder, and with all this added compli- 
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cation, many of the advantages of the 12-in. low power search¬ 
light would be lost. 

Another point that should be noted is that with the present 
type of carbon holder, only short length carbon is wasted, 
whereas if fixed positive heads are used there will be a consider¬ 
ably greater length of wasted carbon per trim. 

In paragraph 12, it is stated that it is quite essential to keep 
the size of the negative shadow at a minimum, and in this 
connection it should be noted that a change of negative carbon 
holder to a fixed negative head with feeding mechanism would 
necessarily increase the size of the negative shadow. 

Under the heading of high power arc lights, the writer in 
the first paragraph has made a comparison in the ranges of 
the various searchlights, and gives these ranges in a definite 
number of yards. A statement of range without giving the 
illumination at the target or the kind of target that would be 
visible at a certain range, is meaningless. 

In paragraph 4, under “high power searchlights,” it is 
stated that two of the companies manufacturing high power 
searchlights use thermostatic control of the positive carbon, 
while the other uses the third electrode. In this connection 
it may be stated that at least one company manufacturing 
high power searchlights uses both the third electrode control 
and the thermostatic control. The third electrode feed 
being used where it is not essential to keep the positive crater 
in exact focus and the thermostatic feed used where more 
accurate control of the positive crater is required, as for 

United States Army and Navy uses. 

E. J. Murphy: With reference to the high powered search¬ 
light, I note that the paper 5 " of C. S. McDowell has been 
quoted and there is-no doubt that the type of light described 
in Mr. McDowell’s paper has revolutionized searchlight practise 
especially for Naval use. Since the advent of this new light, 
the necessity of using the beam at high angles for defence against 
hostile air planes made it necessary to abandon the alcohol 
flame, otherwise the light has remained practically as originally 
designed. The principles involved have remained unchanged. 

I would like to refer to the thermostat control mechanism 
in Mr. Kelly’s paper, I note that he states that this device 
will hold the positive crater at the focal point of the mirror 
within one-thirty-second of an inch, plus or minus. He does 
not state, however, how close the third electrode scheme will 
hold the positive crater, and it might be interesting to find 
how accurately this method of control functions. 

With reference to the ventilation, I see Fig. 8 shows a pressure 
system of ventilation. It might be interesting to note that 
two types of ventilation have been evolved, one the vacuum 
type, the other the pressure type, and on page 1618 he states 
that the ventilation will be destroyed in c ase the front door is 
~ *Trans. A. L B. E., 1915, Vo! I, p. 263. . 
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broken. The company I am connected with has tried out both 
of these systems, and tests have been made resulting in our 
discarding the vacuum system on account of certain advantages 
of the pressure system. The pressure system enabled us to use 
the fan motor for driving the mechanism of the searchlight it¬ 
self, thus eliminating any additional motor. 

There is another thing which we actually tried out, and that 
is the effect of wind against the front of the searchlight with 
a broken door. We noted that with the vacuum system, the 
arc very frequently was ruptured, making the light practically 
useless, whereas with the pressure system, the pressure inside 
of the drum acted against the wind, and the light was operative 
in a thirty mile wind; under the same conditions the light with 
the vacuum system was practically useless. 

As far as the dome glass door is concerned, I understand there 
is still some question as to its practicability, on account of 
refraction of light, etc. 

I note that certain illustrations show a thermostat box and 
the paper mentions that this box is not watertight. This 
thermostat box is part of the searchlight with which I am 
familiar. I may say that this searchlight was developed 
under stress of war conditions, and it was necessary to de¬ 
velop the design in the shortest possible time; we did not pro¬ 
vide gaskets for this particular box, but, notwithstanding this 
omission, I have not found a single case where water rendered 
these searchlights inoperative. In fact, I am aware that a 
great many of these searchlights have been at least once across 
the Atlantic, under heavy weather conditions, and in no case 
was the searchlight inoperative. Under war conditions, the 
personnel was not always acquainted with new apparatus such 
as the thermostat control and had not been previously in¬ 
structed m the operation of this new searchlight. I have seen 
reports on at least fourteen of these lights, all of which had 
Deen subjected to heavy weather conditions, in no case did any 
light actually fail m service. 

These lights were developed for use on destroyers under 

Saw ?f war .£ ondw ?ns and over 300 were delivered to the 
Wavy before the armistice was signed, we kept ahead of the 
destroyer program, and this was extremely important, as we 
all know, on account of the submarine menace. 

Un the next to the last page of Mr. Kelly’s naDer there i« 
mention as to whether the searchlights are really useful at sea 
There has been some doubt of their value in “ the nast hut 

showed that the Be ? t J and dellicoe - of the British 

British aSl eH hSfTi 11 ? 5 - s £Pen°r equipment, and the 
-Krrasn avoided battle at night—that is because the Germans 

was obse^ed d to a oSen fh^ enab ^ d when a hostile ship 

was ooserved to open the searchlight shutters with the lie-ht 

devevL d ri r fi Cted 0I 1 th i e target T h is was possible due to highly 

our own ^W; sys , tem > w h ic h is being now installed in 

our own ships and has already been adopted by the British 
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Navy. With this system the light is only shown long enough 
to fire a single salvo and not long enough to make a target of 
the vessel. There is at present no doubt that in naval practise, 
searchlights are absolutely necessary for night fighting. 

J. C. Ledbetter: I am very much interested in the high 
intensity light, and I want to know whether a light of such 
brilliancy and such marvelous performance could possibly be 
used in some commercial way. Could not a light of this 
character be used in stage lighting, or flood lighting, or in some 
spectacular way, such as street light and advertising lighting in 
such places as Times Square. It might be that large business 
concerns would have use for a light of this character. 

R. A. Beekman: I wish to point out one feature with 
regard to the difference between the third electrode and the 
thermostatic control. The principle object, of course, of both 
of them is to maintain the crater in the focus of the mirror. 
The mirror is mounted rigidly in the drum of the searchlight, 
and hence the logical thing is to have the device, controlling 
its position, mounted on the drum of the searchlight, which 
is the form used with the thermostat in the past. It is now 
proposed to mount the thermostat on the lamp, as is done with 
the third electrode, and this does not provide a rigid coupling 
between the position of the positive crater and the focus, as 
is the case when the thermostat is mounted on the drum. 

B. P. Beehler: (Read by R.A. Beekman). I desire to call 
attention to the following points in Mr. Kelly’s paper: 

Paragraph 1. The range of a 24-in. high power light is 
at best 3000 yds. 

Paragraph 2, 5th sentence. The current density has no 
connection whatever in the formation of the gas crater or 
holding the gas. This feature is entirely controlled by the 
direction of the arc stream. The high current density of the 
positive electrode may be maintained without an arc stream 
or gas ball formation. . 

Paragraph 4, last sentence. The feeding of the positive 
carbon in lamp operation is without exception, where auto¬ 
matically controlled, accomplished by independent solenoid 
or magnet operation. 

Paragraph 7, last sentence. The formation of scale or oxi¬ 
dation of metallic third electrode does not increase its life. 
The prevailing feature permitting of the use of a metal third 
electrode is the fact that the temperature of flame directly 
back of the crater is below the melting point of the copper. 
The metallic electrode or any type of this control has proved 
unsatisfactory for any arc of over 75 amperes. This 75-ampere 
arc is not a true gas arc and therefore the maximum tempera¬ 
tures are considerably lower than high current arcs. The 
use of metallic third electrode has been disapproved by the 
U. S. Navy for all arcs over 75 amperes. 
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Paragraph 8, second and third sentence. The object of al¬ 
cohol in the high power arc is not to cool but to surround the 
electrodes with an oxygen insulator, thus preventing tapering 
of electrodes from air burning and enabling the burning of the 
electrode with its tip far removed from metallic positive head 
and still maintain the crater at electrode diameter. 

The cooling by air, later developed, is merely cooling .of the 
metal, allowing the use of a metal head projecting over the 
electrode nearly to its tip, which metal insulates the electrode 
from atmospheric oxygen and thus eliminating the necessity 
of the alcohol. The air cooling also allows of use of less metal 
in heads, thus cutting down mirror shadows and beam holes. 
The high power lamp using alcohol on the electrode had very 
large and heavy heads, the cooling of which was accomplished 
by radiation. 


Paragraph 11, 4th sentence. The absorption of strip glass 
in the front door did not exceed 15 per cent and averaged 
about 10 per cent absorption of light. 

^ Paragraph 13. The dome front doors of the present para¬ 
bolic and spherical types have proven inefficient. Their dis¬ 
advantage is that they not only absorb about 15 per cent of light 
but they actually disperse about 15 per cent of light, throwing 
this light on the foreground, changingbeam formation by virtue 
of the above fact and blind the observer by making a field of 
stray light through which he must look to see the target 

Paragraph 15. It has been found that the present sizes of 
electrodes are probably the proper proportions to give best 
service. A rise in current density, at present about 1.65 
amperes per sq. mm. will only add to flame and increase car¬ 
bon consumption, while reducing the density by increasing the 
electrode size will cause loss of intensity. 

Paragraph 16. It has not yet been established conclusively 
that the intensity of the high power arc is a factor of tempera- 
4- theory of fluorescence of the gas ball has presented 
itself indicating that the supposed black body radiation of the 
arc is not a fact, but that a composite effect of black body 
radiation and fluorescence tend to give spectrum characteristics 
which are misleading, and indicate temperatures far in excess 
of those actually present. 

It has been found that the use of solid electrodes will not 
under any condition of burning give a light equal in intensity 
or visibility to that of the high power arc. Solid electrodes 
critical temperature at best of 3300 deg. cent, and will 

g u S bal1 P h ? nc ™ena as in the special cored 
electrode. It has been practically impossible to date to oper- 

^ a cI° ld electrode efficiently at a current density in excess 
of 0.66 amperes per sq. m.m. whereas the high power posi- 

MyS a fcti a v 0Urre, “ d “ Sity snccess - 
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Chester Lichtenberg: The Chief of Engineers, who is 
responsible for Army searchlights, has read Mr. Kelly’s paper 
with considerable interest. He noted that no mention was 
made of mobile searchlights, although this variety had under¬ 
gone a remarkable development during 1918 and 1919. He 
thought that the members of the Institute might be interested 
m seeing photographic reproductions of some of the more 
prominent recent developments of mobile searchlight equip¬ 
ment, and he has authorized the presentation of certain repre¬ 
sentative views. 

The mobile Army of the United States was equipped in 1917 
with only a few portable searchlights. These were of two 
varieties. One is shown in Fig. 1. It consists essentially 
of a 36-in. medium intensity searchlight mounted on an ex¬ 
tensible tower, which is in turn mounted on a 3 J^-ton motor 
truck. The power unit is a 15-kw., 125-volt gasoline-electric 
set, mounted on a duplicate 3 Hr ton truck. Eight of these 
outfits were part of the engineer train equipments. They were 
used during the 1917 campaign on the Mexican border. They 
were not considered sufficiently mobile to accompany some of 
the army units. As a result, a horse drawn equipment was 
developed. _ This consists essentially of a 24 in. high intensity 
arc searchlight placed on mast or tower extensible to 16 feet 
above the ground. The searchlight and tower are mounted 
on a caisson. The energy is supplied by a 5-kw., 65-volt 
gasoline-electric set mounted on a limber. Eight of these 
units accompanied the first engineer train which left the 
United States for France on August 2, 1917. 

Experience in France indicated that neither of the mobile 
searchlight units which formed part of the equipment of the 
Army at the outbreak of hostilities was suited for operation 
along the'Western Front. The searchlights on masts were 
particularly unsuited since, if they remained lit more than 30 
seconds within the zone of the advance, they were demolished 
by enemy shells. This was due to the extreme accuracy of 
the range finding equipment of the German armies and the 
rapid responsivity and excellent coordination of their artillery 
fire. A survey station indicated that high-power search¬ 
lights on small mobile mounts, which could be quickly 
emplaced, were desirable. Specifications for these were sent 
to the United States late in 1917. 

The first attempt to meet the specifications of the A. E. F. is 
shown in Fig. 2. This is essentially the standard 36-in. size 
seacoast searchlight, with a new design of trunnion arms and 
with a wheeled carriage. It utilized existing tool equipment 
so far as this was practicable, at the same time reduced the 
weight of the searchlight about 50 per cent, and greatly in¬ 
creased its mobility. About 36 of these searchlights were in 
use in the 1st and 2nd American Field Armies at the time the 
armistice was signed. They were supplied with power from 
various kinds of power plants. Some were supplied by French 
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17-kw. sets of various makes, some by Riker trucks, the engines 
of which were equipped with 12-kw. generators and some with 
Mack trucks, the engines of which were equipped with 15-kw. 
generators. 

A. E. F. experience indicated, however, that 36-in. search¬ 
lights were not quite powerful enough. New specifications 
called for 60-in. portable or semi-portable searchlights. To 
meet this demand, the design shown in Fig. 3 was developed. 
It consists essentially of the standard seacoast searchlight 
equipment placed on trailers. On the left is shown a 60-in. 
stationary type high intensity arc searchlight with its cable 
reel, rheostat, etc. On the right is shown a stationary 25-kw. 
115-volt gasoline-electric set with its radiator, muffler, spare 
gasoline tanks and auxiliaries. This equipment, although 
mobile,'was quite heavy and could only be moved at relatively 
low speeds. It was large in size and difficult to entrench. 
Only a few of these units were ordered to fill in the gap until 
more mobile equipments could be provided. Meantime large 
quantities of 60-in. coast defense searchlights, Fig. 4, and their 
generating equipments were shipped to France and placed in 
active service. One of .these is shown in Fig. 5, with its em¬ 
placement and 3-meter sound detecting paraboloid. It is an 
installation by the 56th U. S. Engineers in the St. Mihiel 
Sector. 

Fig. 6 shows one of the early attempts at making a very light 
weight, extremely mobile 60-in. high-intensity arc drum-type 
searchlight. It weighs, complete, about 2500 lb. Before it 
was completely developed, however, the design had been super¬ 
seded by the open-type which was suggested in the spring of 
1918 by Major R. W. Lewis, the representative in the United 
States of the A. E. F. Searchlight Regiment, the 56th U. S. 
Engineers. 

The original open-type searchlight, made in accordance with 
Major Lewis' suggestions is shown in Fig. 7. It was made up 
at Ellington Field, Texas by a detachment of the 56th U. S. 
Engineers. They took the mirror and back door from a 36-in. 
standard Navy searchlight and supported it in rude trunnions 
and. trunnion arms. It was arranged to be rotatable about a 
horizontal axis only. In front of the mirror was placed the 
automatic high-intensity arc mechanism, usually placed in 
the barrel of a 36-in. searchlight. The carbons and the upper 

* j "I "Tf i I * f 1 - # in a tin can, which was 

intended to restrict stray light and to protect the arc from wind. 

lhe searchlight was operated for several weeks and proved 
j ^ e ffi c i en t* It had one very important characteristic. 
It had a very clearly defined beam, with a minimum of stray 
light. This was, no doubt, due to the fact that there was no 
barrel and so there were no reflections from the interior. 

no fr° n t glass so that there was no dispersion. 

Ihe open-type searchlight seemed to be such a feasible pro¬ 
position that negotiations were immediately opened with 
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Fig. 1—Two Unit Mobile Searchlight Equipment, Mounted on 
3 34-Ton Trucks, Seabchlight Being Arranged for Elevation by 

Means of an Extensible Tower. 



[lichtenberg] 

Fig. 2—36-in. Barrel Type Wheeled Base Searchlight, Such as 
Used by 1st and 2nd Field Armies, A. E. F. 
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Fig. 3 Trailer Type of Mobile Searchlight Equipment, Con¬ 
sisting of 60 in. Barrell Searchlight and 25-Kw., 125-Volt Gasoline- 

Electric Generating Set. 



Fig. 4—60 


-pv Intensity Arc Barrel Type Searchlight 

Designed .for Coast Defense Installation and Used During Opera¬ 
tions of the 1st and 2nd Armies, A. E. P. 
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Kki. f> A. K, F. Sic arohlight Emplacement, Showing 60 in. High 
Intensity Akc, Bahrkl Type Searchlight and Three-Meter Para- 

BOLOl I). 
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Fid. f>BO in 


High Intensity Arc, Light Weight, Barrel Search¬ 
light on Wheeled Base 
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FlG - 8 ~ l ™ Modee or ° PEN Type Searchlight, with 60 in. Mirror 
and -00-Ampere Medium Intensity Arc, Hand Feed Mechanism 
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Fig. 7 Original Open Type Searchlight, with 36 in. Mirror and 150- 
ampere High Intensity Arc, Automatically Operated Mechanism 
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Fig. 9 -1919 Model of Open Type Searchlight, with 60 in. Mirror, 
Showing Wheels Removed and Base Ready for Emplacing 



Fig. 10 —Mechanism for 200-Ampere Medium Intensity Arc, as 

Used in Open Type Searchlight 
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[lichtenberg] 

Fig. 11— Parts of Mechanism for Operating 200-Ampere Medium 
Intensity Arc in Open Type Searchlight 
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Fig. 13— Mobile Searchlight Power Unit and Lorry, with 
Covers Removed, Showing Generator, Switchboard, Cable Reel 
._ AND 36 IN. WfTEET.TT'.n Ra'RR'P.t, Sth a -r nTTT.rnTj'T' 
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several large searchlight manufacturers to produce commer¬ 
cial designs. Several months’ effort was expended and, as a 
result, a very light weight, 60-in. open-type searchlight was 
produced. One of the highly developed designs is shown in 
Fig. 8. It weighs complete 1200 lb. It can be provided with 
either medium intensity or high intensity arc mech anis ms 
It has been operated in all kinds of weather and in the ordinary 
winds where aircraft can travel. It has proven unusually 
successful. It weighs about one-fifth as much as the old 
60-in. searchlights and is just as efficient. Besides, it has no 
complicated mechanism and is very easily operated by par¬ 
tially skilled personnel. The running gear can be easily de¬ 
mounted from it, as shown in Fig. 9. This makes it a simple 
matter to emplace. The mechanism also js exceedingly simple. 
A medium intensity design is shown in Fig. 10. It consists 
of relatively few parts which are strong, as shown in Fig. 11. 
The result has been a simplified, very light weight and mobile 
searchlight, which is easy to move and emplace and which can 
be operated by a minimum number of partially skilled in¬ 
dividuals and yet be just as effective as the very heavy, com¬ 
plicated searchlights previously standardized for certain classes 
of service. . Besides it is easy to manufacture and takes pre¬ 
viously standardized mirrors and carbons. 

Another form of light weight, open-type searchlight is 
shown in Fig. 12. It was developed essentially for extremely 
mobile service where light weight is essential. It weighs 
225 lb. as shown. It has a 150-ampere high-intensity arc 
mechanism, which is hand fed. It has a 30-in. glass mirror. 
It gives fully as good service up to 14,000-ft. range as do the 
60-in. designs. However, it is not nearly so good beyond 
14,000 ft. on account of the wide spread of its beam. 

The advent of very mobile searchlights brought with it the 
need for mobile searchlight power units. One of the early 
designs is shown in Fig. 1. This was successful but not en¬ 
tirely satisfactory. Another of the early designs is shown in 
Fig. 3. This unit was not self-propelled and besides could 
only be moved at low speeds and then not readily. To meet 
the situation, a standard Engineer Department Mack 5K-ton 
cargo truck was modified by the addition of certain electrical 
auxiliaries. A generator was mounted on an extension of the 
crank shaft. A switchboard was placed under the body. 
Rheostats were located on the chassis. A cable reel was 
mounted in the front of the cargo space. A wheeled barrel 
36-in. searchlight was placed in the back of the cargo space. 
The result was a complete and mobile searchlight unit which 
could be run over practically all ordinary roads at speeds up 
to 12 miles per hour and which could operate an automatic 
high intensity arc searchlight practically continuously. It is 
shown with covers removed in Fig. 13. About thirty of these 
units were used by the 1st and 2nd Field Armies of the A. E. F. 
prior to the Armistice. 
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The development of the open-type searchlight reduced the 
weight of the searchlight from about 7000 lb. to about 1200 
lb. This permitted a very much lighter weight power unit 



Fig. 18 50-Kw. Size Mobile Searchlight Power Unit and Iorry, 

Designed for Carrying 60-in. High-Amperage-Searchlight, Twelve 
Men and All Their Auxiliaries 

Length overall—21 ff., 10 in.; height—9 ft., 5 in.; width—6 ft., 2 in.; wheel base- 
177 in.; wheel diameter—36 in.; wheel gauge, front—62 in.; rear—67 in. 

Note: Side curtains equipped with extra fly of sufficient length to extend 6 feet from 
side of car at ground line. \ 

to be employed. The situation was surveyed, and, based on 
careful studies, the power unit shown in Fig. 14 was developed. 
It consists essentially of a standard Cadillac ambulance chassis 
with a 21-kw. G. E. generator, mounted, on the propeller 



t ig. 10 6.5-Rw. Mobile Searchlight Power Unit, Designed 
Carrying 30-in. Open Type Searchlight and Three Men 


For 


Length overall. 15 ft., 10 in.; height overall—7 ft., 6 in.; width overall—5 ft., 5 in.: 
wheel base 134 in.; wheel diameter—33 in.; wheel gauge—56 in. 


shaft between the transmission and the differential, as shown 
m Fig. 15. Mounted on this chassis is a special, very light 
weight body which has ramps for carrying the searchlight, as 
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n !G. 14 —Late 1918 Design Mobile Searchlight Power Unit and 


Lorry, with 60 in. Open Type Searchlight 



Fig. 15— Top View of Late 1918 Design of Mobile Searchlight 
Power Unit Chassis, Showing Installation of Generator Between 

Transmission and Differential 
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Fig. 16— Late 1918 Design of Mobile Searchlight Power Unit and 
Lorry, with Covers Removed, Showing Searchlight in Position 
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Fig. 17—Late 1918 Design Mobile Searchlight Power Unit, open 
Type Searchlight, Paraboloid and 60 in. Barrel Type Searchlight, 
in Operation with 2nd Field Army, A. E. F. 


[lichtenberg] 

Fig. 20 Railway Type Searchlight Equipment, with Power Unit 
in Box Car and Searchlight Mounted on Hinged Tower 















DISCUSSION AT NEW YORK 


1631 


shown m Fig. 16. The entire equipment was conceived, de¬ 
signed and built in four months and was delivered and in opera¬ 
tion with the 2nd American Field Army in October 1918. The 
complete equipment weighs 9000 lb. It has an intermittent 
output of 21 kw. It carries a 60-in. open-type searchlight, 
provided with both medium intensity and high int ensi ty arc 
mechanisms and a crew of five men, with all the necessary 



Fie, 


21—Mobile 


Searchlight Tower and Mount, 


Illustrating 


Telescoping Type of Extensible Tower 


auxiliaries for operation in the field. Another is shown in 
Fig. 17 operating an open-type searchlight in the 2nd A. E. F. 
Army sector. 

The success of this combined design of mobile power unit 
and lorry gave rise to a new line of searchlight power units. 
A 50-kw. design is shown in Fig. 18. It employs a LaFrance 
Fire Engine chassis with 177-in. wheel base. It has provision 
for a <s 60-in. high-amperage searchlight, a crew of. 12 men, 
500 ft. of cable and all auxiliaries for maintaining this force in 
the field for one week. Fig. 19 shows a 6.5-kw. unit, ■ employ¬ 
ing a Dodge chassis. This carries a 30-in. 90-ampere high- 
intensity open-type searchlight, with a crew of three to four 
men. 

Mobile searchlight units have been extended to include 
lights on towers for coast defense purposes. Fig. 20 shows a 
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recently completed design. It consists essentially of two 
railway cars, which carry a searchlight and its tower and the 
power plant respectively. The tower, when raised, places 
the center of the searchlight 33 ft. above the top of the tracks. 
The searchlight is a 60-in. high-intensity coast defense design 
similar to the one shown in Fig. 4. It is supplied by power 
from either one of two standard 25-kw. 115-volt gasoline- 
electric sets, which are located in the box car. These are 
similar to the one shown at the right in Fig. 3. The sets are 
operated in series for supplying power to electric motors lo¬ 
cated on car axles. The motors are. regulated by standard 
railway grids under the car floors and controllers placed at 
the car ends. By this means, the unit is made self-propelling 
at speeds up to 10 miles per hour. 

Another form of mobile searchlight tower now in develop¬ 
ment, is shown in Fig. 21. It consists essentially of a special 
form of searchlight tower mount, with a telescoping form of 
tower, on top of^ which is placed an open type searchlight. 
The complete equipment weighs twenty tons. It is so arranged 
as to have the load distributed on a track running over the 
wheels. This gives an average bearing of about 700 lbs. per 
sq. ft. It can operate at speeds up to 20 miles per hour on 
good roads or up to 10 miles per hour over very bad roads. It 
will go through a swamp where the water is not over 3 ft. deep 
and will climb a 75 per cent grade. 

Ralph Kelly : In answer to Mr. McNicholls question, 
the special feature of the lamp used for signalling work is that 
it has a concentrated filament and is filled with hydrogen gas. 
This gives a high intensity source of light with quick flashing 
and dying out but with very short life. The lamp used for 
searchlight work is similar to the signalling light in having a 
concentrated filament but is filled with nitrogen gas with a 
slow period of flashing and a long life. I believe the filament 
temperature of the hydrogen lamp is the highest. 

The Navy experimented with metal mirrors a number of 
years ago but found they did not keep their shape and tarnished 
very quickly under sea service. The parabolic glass mirror 
has proven very satisfactory in Naval service with a com- 
^ a rm? ve ^ ^ew breaks on record that were caused by gunfire, 
he ^my mobile Cadillac searchlight unit represents a 

L^ ab fl dev l 0pm j nt and amon g the many types of equip- 
haVe bee ^ e veloped for field work, there are none 
that can compare with it for mobility and efficiency. 

k w G y 4 -° n i Way t( ? ? ght enem F Planes at night and that 

th ?i m ^ th ? earchli ghts and fight them with 
whilp tVp'cr be friendly aircraft have the advantage of darkness 
th ^,f^ ack enemy planes illuminated by the search- 

gUn f are of llttle use exc ept in protecting 
i by Preventing enemy planes from 
nymg down the beam to a low height where they can bomb the 



1919] DISCUSSION AT NEW YORK 1633 

searchlight personnel. I might say that a searchlight must 
frequently have its position changed to prevent being shelled by 
enemy artillery or by being used as a land mark for navigation 
of enemy planes. This is the great reason why a field search¬ 
light should be light and mobile. 

Mr. Bassett stated that the searchlight mirrors are fairly 
well standardized but I don’t think the Army Engineer Corps 
will agree with him on this point. They are still in the midst 
of a very extensive investigation in the field of metal mirrors 
in which they have encountered and are still encountering tre¬ 
mendous difficulties. 

Mr. Patterson’s figures comparing the 12 in. and 24 in. low 
power searchlight hold good for those lights under laboratory 
conditions when operated by expert personnel. In actual 
service the present design of low power light operates very 
inefficiently as described in the paper. In my opinion there is 
no question that a well designed low power light, such as the 
12 in. can be manufactured to give the same light on the target 
as the present 24 in. light as it is now inefficiently operated in 
service. The type and design of that light is a problem for 
the future but it is generally conceded that their is great room 
for improvement in the present low power light. 

The 12 in. light I had in mind in writing the paper was one 
designed and built by Major Judson and Lieut. Thompson 
U. S. M. 0. which used carbons of a very refractory material 
with an arc current of 30 amperes. The positive carbon 
had a diameter of % in. while the negative carbon diameter 
was 34 in. which resulted in a far greater intrinsic brilliancy of 
light source than the present low power light. This light was 
equipped with a ground glass finder which added materially 
to its efficiency as it enabled the operator to keep the carbons 
in focus at all times. 

In regard to Mr. Patterson’s recommendation that the 12 in. 
and 18 in. sizes both be retained, it is not only my own opinion 
but that of Naval officers generally that the Navy standardize 
on one size of low power searchlight. That size should be 
either the 12 in. or the 18 in. as determined after service tests. 

Commander Beehler’s discussion gives the status of the 
third electrode control of the positive carbon for Naval work, 
and also answers Mr. Murphy’s question on that point. 

The data Mr. Murphy gave on ventilation of searchlights are 
extremely interesting. His company did the pioneer work in 
the field of searchlight ventilation and had many troublesome 
obstacles to overcome before they arrived at their present 
arrangement. This has worked admirably on the 24 in. high 
power searchlights under the severest of naval service condi¬ 
tions. 

As stated in the paper, the thermostat development by Mr. 
Murphy has proven very successful in service. It will however 
be of advantage to mount the thermostat on the lamp structure 
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out of the weather and where no special adjustments are re¬ 
quired to maintain the positive crater in the focal position. 

There was a great deal of question during the war regarding' 
the real value of a searchlight on a naval vessel but there finally 
developed a strong feeling that well designed searchlight equip¬ 
ment, properly used will prove of immense value to a ship in 
a night engagement. This feeling was confirmed by both 
Admiral's Beatty and Jellicoe in their reports on the battle of 
Jutland. 


As Commanoer Beehler brings out, it is not the high current 
density of the carbons alone that causes the high intensity 
phenomena, but the combination of that high current density 
and the angle of the negative arc stream. The dome glass 
door, m accoi dance with his tests, is not as efficient in trans¬ 
mitting light as a clean plate glass strip door. The great point 
m favor of the dome glass door is that it stands up against gun 
fiie while the present type of plate glass door shatters under 
gun fire. Until the plate glass strip front door is developed 
to lesist gunfire, it is only feasible to use the less efficient 
dome glass door for the major characteristic of a front door 
is that it must withstand gunfire. There is also a field of 

wfthab?e^“ improving the optics of the dome glass door 
witii a view to improving its light transmission efficiency. 

liirht cn^nlT. ° f i m 26 ’ maten f!’ n anc J current density of search- 
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carbons which gives a greatly reduced tail light, the light source 
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obtained with the r>re«ent t,^ r. UIuaan cy tnan is 
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UNIFICATION OF THE MANUAL AND AUTOMATIC 

TELEPHONE SYSTEMS 


BY D. E. WISEMAN 


Abstract of Paper 

A description is given of the physical consolidation of the 
Bell manual and the Automatic Electric telephone systems of 
Los Angeles, Cal., which previously to June 1, 1918 operated as 
separate systems. While similar consolidations had been made 
previously they included relatively small volumes of traffic and 
afforded no engineering precedents as a guide to the consolida¬ 
tion of two systems serving 129,000 stations. The plans for the 
physical union of the two companies were devised by a joint 
committee of engineering representatives, and contained a 
number of novel operating and construction methods which are 
described. 

Under the new system each subscriber has access to every 
other subscriber in the Los Angeles exchange and to all long¬ 
distance lines centering there. Where duplicate services were 
installed the subscriber was given his choice as to whether he 
would retain the manual or the automatic system, and about 
13,000 duplicates were eliminated, the choice between the two 
types being equally divided. 


IN telephone engineering and the resultant physical and 
economic accomplishment, June 1,1918 figures prominently, 
for on that date the formal union of the Bell manual telephone 
system operated by The Pacific Telephone and Telegraph 
Company, and the Automatic Electric system operated by 
the Home Telephone and Telegraph Company in the City of 
Los Angeles, was effected under the management of the newly 
created Southern California Telephone Company, giving to 
every telephone user in that area a unified and unrestricted 
exchange telephone service and universal service over toll 
trunk lines to some eleven million telephones throughout the 
United States. Consolidations of this character have been 
made prior to this date but involving relatively small volumes 
of traffic and simple operating methods so that there were no 
records of actual performance or established engineering prac¬ 
tises to serve as a precedent and guide for determining the 
effect of and the physical requirements necessitated by the 
sudden release of two large, distinct and separately bound 
volumes of traffic into a common channel. 
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Because of the novel operating and construction methods 
and the speculative possibilities involved in the important 
pioneering work of welding these fundamentally different tele¬ 
phone switching systems into a single eighteen million dollar 
plant serving 129,000 stations, a semi-technical summary of 
the events has been prepared for general information. 

A brief reference to the conditions which brought about the 
consolidation will be made in order to better understand the 
problems that confronted the two competing telephone com¬ 
panies and their subscribers. Believing that competition 
instead of control was the automatic remedy to apply to public 
utilities, the City of Los Angeles invited telephone competition 
about sixteen years ago and then struggled along with her 
business firms and many of her residents paying two telephone 
bills for a divided and what proved to be an unsatisfactory 
telephone service. This condition was continued until the 
year 1916, when the public decided by popular vote to bring 
about an end to dual telephone service. Negotiations were 
begun and various proposals were considered by all concerned 
in an effort to avoid any waste or arbitrary measures. A plan 
was finally accepted for the organization of a local telephone 
company, which was to purchase the -properties of the existing 
operating companies and unify the service, continuing with 
the equipments then in plant and giving the right to the tele¬ 
phone users to determine for themselves whether they would 
retain their automatic stations or manual stations. War con¬ 
ditions imposed restrictions in the conservation of materials 
and men for such projects and called for a careful weighing of 
the expected benefits and expenditures of materials and labor. 

With this clear understanding of the requirements, a joint 
committee of engineering representatives was appointed to 
determine the methods for the physical joining of the two 
systems. As a result of their efforts, a fundamental plan, 
together with preliminary estimates of cost, was submitted and 
formally approved by the City of Los Angeles, the Railroad 
Commission of the State of California and by the Attorney 
General for the Federal Government, and on May 1, 1917, 
formal authorization was given to proceed with the project. 

In order to picture the plants as they existed prior to the 
consolidation, I shall refer briefly to the physical properties 
and the operating methods of the two systems. Referring for 
a moment to Fig. 1, the area served by the duplicate plants was 
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about 200 sq. mi. and lying within the corporate city limits. 
The open and solid circles show office and wire centers of the 
Home and Pacific Companies respectively, while the dotted 
and solid lines mark the areas of the respective districts. The 
Pacific Company was established first and the opening and 
location of its offices followed the telephone development of 
the city. The first office was located in the business area and 
as the population increased and spread to outlying districts, 
new offices and districts were established. Each office was 
located as near as practicable to the center of the wire distrib¬ 
uting system as determined by a study of the existing plant 
and expected growths for 15 or more years hence. As years 



Fig. 1—Area Served by Duplicate Plants 

go by and old offices are outgrown studies very often show an 
economy in subdividing the original district or changing the 
boundaries so that this natural process tends to correct any 
errors in estimates of growths and locations of such expected 
growths. 

May 1, 1917, the Pacific Company's exchange, consisted of 
its standard outside plant and station equipment and nine 
manually-operated central offices serving about 69,000 stations. 
Bell equipment was used in units having a capacity of 9600 mul¬ 
tiple lines. Telephone connections were established generally 
by the calling subscriber removing the receiver from the switch 
hook, causing a light to appear before an answering A operator, 
who upon receiving a request for a particular number cut-in 
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on an order wire to the particular switchboard unit in the 
district, indicated by the prefix of the number called-for. An 
operator at the distant switchboard unit, assigned a trunk over 
this order wire to the calling A operator and completed the 
connection by plugging into the called-for subscriber's multiple. 
Fig. 2 shows a schematic transmission circuit of a typical con¬ 
nection. The operation of this circuit will be described later 
and in connection with the unified plant. 


MANUAL SYSTEM 



HOLLYWOOD MANUAL OFFICE 


SOUTH MANUAL OFFICE 


i id . 2 Equipment Involved in a Connection Between a IIolly- 
v\ood Office Manual Subscriber and a South Office Manual 


Subscriber 


The former Home Company operated an automatic ex¬ 
change including a parallel and similarly constructed outside 

m-f!i and fourteen offi ces serving a total of approximately 
C “ ^ stations. About 35,000 stations were equipped with 
dials and approximately 25,000 manual stations operated from 
private branch exchanges and as public pay stations. The 
mes rom t le manual stations terminated on a 45-position 
manual switchboard in the Olive Office. Calls from auto- 
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operator, who completed the he private branch exchange 

private branch exchange subscrihf' ectl0n ' CalIs out going from 

e.\cnan 0 e subscribers were trunked to the man- 
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ual transfer board above mentioned, the calls coming in on 
an automatic traffic distributor which placed each line lamp 
signal before a non-busy operator. The operator upon taking 
up these connections would complete the call direct if to another 
private branch exchange station through the subscriber’s 
multiple or dial the number required, if an automatic station 
was wanted. Fig. 3 shows a schematic transmission circuit of 
a typical full automatic connection. The operations and func¬ 
tions will also be described step by step later. 

Los Angeles has had the distinction of having more telephones 
per capita than any other city in the world and is now very 
close to the top of the list. This general usage is reflected in 
the number of calls originating in each system, as shown by 
the records of traffic. The approximate numbers of daily 
average calls originating in the former Pacific plant and Home 
plant were in the vicinity of 430,000 and 420,000 respectively. 

The engineering problems demanded, therefore, a reasonably 
close approximation of the volume of existing and added traffic 
which could be expected to flow between the groups of stations 
of the various districts of the two plants; a determination of 
the most direct and economical routing of such calls based 
on efficient operating methods and the use of existing facilities; 
and the design and development of an inter-unit trunking plant 
and switching circuits necessary to maintain the commercial 
standards for transmission and supervision between the two 
systems regardless of the mechanical, electrical and operating 
inequalities. Visual and audible signals peculiar to the sepa¬ 
rate systems required for supervisory purposes needed to be 
synchronized or harmonized and extended when necessary so 
as to afford common usage. 

It is obvious that a great many plans and combinations of 
plans for unification were developed in sufficient detail to de¬ 
termine their relative capital and operating costs and advan¬ 
tages and disadvantages. The plan in principle that was 
adopted for handling the inter-office traffic between the systems 
was to operate all existing offices as units of the complete ex¬ 
change and route the new automatic or manual trunks of each 
office into the adjacent office of the opposite system, where the 
connection could he completed by the most direct method and 
route. 

Having referred to the facts that were most vital in shaping 
the project, I should like to outline the organization and 
schedule of work involved in the construction program esti- 
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mated to cost $1,250,000. Every reasonable effort was de¬ 
manded to bring about a unification of the properties without 
waste of time, and accordingly a complete schedule for the 
ordering of materials, manufacturing, assembly and installa¬ 
tion thereof was set up after a canvas of probable material 
deliveries and of the labor situation. It became evident that 
a period of twelve months would be the shortest time possible 
to complete the necessary work, keeping in mind that war 
demands might upset the schedule, and all effort was centered 
on finishing the project within the minimum time. Specifica¬ 
tions and plans were completed for each individual project, 
numbering all together about 110, and each one was charted 
with due regard to the materials involved, quantity, desired 
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Fig. 4 Diagram Showing Method of Maintaining Schedule for 

the Entire Reconstruction 


time of delivery and installation and its relation to the project 
as a whole. Fig. 4 shows a typical group of projects and il¬ 
lustrates the method of maintaining the schedule for the whole 
program. As items of material were, of course, duplicated in 
a great many of the specifications, a master chart was pre¬ 
pared showing the total quantities of each of the thousands of 
items required at specified dates. 

fal" ^ fi? Pr °j eCt consisted in the desi gn and manu- 
aeture of the. 66-position special tandem switchboard and 

tinStil equ ! p “ ent to be iocated in Olive Office for the 
translation and distribution of calls from automatic station* 

to manual stations in the downtown area. This switchboard 

together with the switching circuits were designed in detail 
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by the engineers in the general office of the telephone company, 
and all of the manufacturing and assembly work was performed 
in San Francisco. Extensive rearrangements of the Olive 
office building were necessary to provide space for this equip¬ 
ment and for retiring quarters for the large number of operators 
required to give the necessary 24-hour continuous service. 
Fig. 5 shows the floor plan arrangement of this switchboard and 
associated operating room space. 

In the manual offices it was necessary to equip the regular 
subscriber positions with a dial for sending out the electrical 
impulses, and to provide outgoing trunks connecting directly 
with the automatic equipment in the adjacent office. There 



Fig. 5—Plan of Second Floor Olive Office, Los Angeles, Cal. 


were approximately 375 subscriber switchboard positions in 
the manual system in the Los Angeles exchange that required 
the installation of this special equipment and associated wiring 
and this proved to be one of the most difficult parts of the work, 
because such work had to be performed on positions of switch¬ 
board that were in continuous operating service. I will refer 
to Fig. 6 and describe the switching circuit associated with the 
dials at the operators’ positions. Each operator on the sub¬ 
scribers’ switchboard is provided with 10 outgoing trunks ter¬ 
minating in the nearest automatic office on first selectors. 
These outgoing trunks are provided with twin jacks, one above 
the other, and electrically connected so that the dialing device 
can be associated with each of the trunk circuits to the distant 
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office. The plug connecting with the dial is inserted in the 
lower first jack while a call originated by a manual subscriber 
for an automatic station is connected to the upper first trunk 
jack by means of the regular A operator’s doubled-ended cord 
circuit. The operator then proceeds to dial the number re¬ 
quested and as soon as this number has been dialed, the operator 
moves the dial circuit plug to the lower second jack, thereby 
pre-selecting the trunk circuit for the next call for an auto¬ 
matic station. The operation of the second and third selectors 
and final connector is the same as described later under “Auto¬ 
matic to Automatic Connections.” The circuit is so arranged 
that the manual A operator just referred to receives direct 
supervision for both the calling manual and the called for 
automatic station. At the end of the conversation, the lighting 
of a lamp associated with each end of the A cord circuit indi. 
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Fig. 6—Method of 


Establishing a Connection by Means of 
Dial Calling Device 


cates to the operator that the connection has been finished and 
all cords are to be cleared from the subscriber’s line and trunk 
jacks. The outgoing dial trunks are used in rotation and the 
actual number of the trunks connected by such lines to the 
distant office varies with the traffic requirements. 

Central office telephone installation work has generally been 
organized for individual projects usually confined to a partic- 
ular office building. The plan of scheduling the material and 
u i lzing this material to its greatest advantage made it neces- 
saij to depart from the regular practises of the installing forces 
and to provide that all of the work should be treated as one 
project wherein the men trained for specific work were to be 

. ;° m rf ^ ° ffiCe t0 another as materials arrived and 
theiebj- facilitating the completion of the work regardless of 

irregularities m the arrival of materials for a particular office. 

This arrangement was one of the important factors in effect- 
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ing the final completion of the central office work April 30,1918. 
The time intervening from the date until the beginning of the 
delivery of the directory and the formal announcement of 
consolidation on June 1,1918 was required in placing thousands 
of test calls over all combinations of connections to make sure 
of positive operation. In a typical connection * between an 
automatic and manual station there are 41 relays, and 79 
from manual to automatic, having movable parts controlling 
from one to ten electrical contacts, each of which must function 
in the proper sequence from the start to the completion of each 
telephone call. I do not wish to convey an impression that 
telephone circuits are inherently subject to failure because they 
are not. The characteristics and operating requirements for 
each relay*, for instance, are known mathematically and what 
the relay can be depended upon to do for a specific period of time. 
At regular intervals each type of relay is given its proper current 
adjustment using measuring instruments designed for that 
purpose. 

The installation of telephone cables and central office equip¬ 
ment of the manual or automatic type required the use of highly 
trained and skilled labor and the Telephone Company faced 
the difficulty of obtaining the large number of electricians and 
mechanics required to hold the schedule and training them 
for the special work. As it was, considerable overtime became 
necessary to maintain a working balance between the arrivals 
of material and the available labor. 

Among the larger items of expenditure, and one involving 
months of study and calculations in voice transmission were 
the additions and changes necessary in the cable trunking plant 
in order to maintain commercial standards on all local and 
long distance connections. These studies included the use 
of and application of loading coils to the former Home Company 
cable plant amounting to about 1000 coils and the addition and 
respacing of many of the coils in the portion of the Pacific 
Company cable plant. All together about 75,000,000 con¬ 
ductor-feet of various gages of underground telephone cables 
were ordered and installed to provide new routes and reinforce 
existing trunk groups required for the consolidated service. 

Prior to the consolidation, practically all of the subscribers 
having private branch exchanges maintained duplicate switch¬ 
boards and station apparatus. The problem, therefore, of 
consolidating this type of equipment offered no particular 
difficulty, as such consolidations could be and were effected by 
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grouping the trunks formerly serving the separate systems on 
the particular switchboard to be retained, adding thereto the 
amount of line and trunk facilities desired by the subscriber 
and eliminating the duplicate switchboard and stations not 
required. The net effect was to remove about 345 single¬ 
position private exchange switchboards from the system. In 
the case of several of the larger commercial companies, it was 
necessary to order complete multiple private branch exchange 
switchboards of the 640-line capacity and about 30 sections 
of such boards were placed in service as fast as the equipment 
could be engineered and manufactured. It will be interesting 
to note that the flow of traffic to and from private exchanges 
was not greatly disturbed from the existing paths by this plan 
of consolidating; a principle which was kept well in mind and 
taken advantage of wherever practicable. 

Where individual and party stations were duplicated, both 
stations were left connected until the new directories were 
delivered, at which time the subscriber was requested to use 
the telephone of the particular system that he had made appli¬ 
cation for and the other station was removed as soon as the 
construction forces could handle the work. Approximately 
13,000 duplicate stations have been removed. 

A considerable number of operators were required and for a 
while it looked very much as if the consolidation would have to 
be postponed because of the inability to obtain the needed 
force. Good service depends to a large extent on capable 
and efficient operators and you can appreciate the difficulty that 
confronted the operating department in the selection, employ 
and training of approximately 500 additional operators re¬ 
quired for handling the Special transfer switchboard installed 
in the Olive Office building, and for the large number of added 
positions of switchboard in the various manual offices. A large 
operating school equipment was hurriedly manufactured and 
installed and training of operators was started about the first 
o the year 1918. The schedules also provided for the early 
ins allation of dials on the subscriber positions in the manual 
offices for advance training of the regular operating force, 
opecial observation equipment was designed and furnished for 
prac ise work in placing test calls and later for supervision in 
etermmmg and checking the accuracy of dialing the calls 
placed by the subscribers. By means of automatic recording 

by s , ubs 5 ibers ° r 

ere compared with the numbers actually dialed and in this 
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way the operating force was gradually brought to an efficient 
basis by the time the construction work was completed. 

Proceeding under the restrictions that each subscriber having 
duplicate service should determine for himself whether to 
retain automatic or manual substation equipment, the Com¬ 
mercial Department carried on a vigorous campaign to obtain 
these subscriber's choices and to arrange accordingly. I do not 
have the exact figures but I understand that of the 18,680 
duplicate stations about 5200 duplicates were retained and 
the balance were divided evenly between the two types. The 
expected result of this canvass had been forecasted and was 
an essential factor in engineering and in construction work. 

As a function of the commercial canvass the Directory De¬ 
partment was confronted with the necessity of recasting the 
entire directory scheme to fit the particular needs of a unified 
service. A great amount of thought was given to the deter¬ 
mination of the most efficient arrangement of listing and num¬ 
bering subscribers, and while this seems trivial yet a careless 
directory arrangement reflects on the quality of the telephone 
service and robs the public of valuable time. Many number 
changes were involved and a complete relisting of every sub¬ 
scriber’s name and number into one alphabetical list introduced 
great possibilities of errors. (It is a matter of passing interest 
that 165,000 copies of the directory were issued and distributed 
in Los Angeles and to other exchanges for long- and short-haul 
toll traffic and that over 441,000 pounds of paper were re¬ 
quired in the printing of the consolidation issue.) 

In the present unified plant, local calls are divided into four 
main groups and are obtained in the following ways: 

Calls from Automatic Stations to Automatic Stations are ob¬ 
tained in the same manner as under the former Home manage¬ 
ment, that is, by the subscriber dialing the number wanted as 
indicated by the directory listing. Such subscriber sets are 
provided with the familiar dialing device arranged to transmit 
from one to ten electrical impulses for each “pull” of the dial. 
In the automatic system most of the stations are reached by 
dialing five digits although there are a few thousand six digit 
numbers. The operation of the first digit of the five digit 
numbers selects the office district required, the second digit 
selects the particular thousand, the third digit selects the par¬ 
ticular hundred, while the fourth and fifth digits select the tens 
and unit respectively of the number desired. Referring to 
Fig. 3, the calling automatic subscriber upon removing the 
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receiver from the switchhook completes an electrical circuit 
through a Keith line switch, the chief function of which is 
to direct the simultaneous calls to a minimum number of 
trunks to first selectors. Each automatic line therefore termi¬ 
nates on a primary line switch having ten paths to as many 
first selectors, these trunks being multipled to other line 
switches, depending on the calling rate or traffic load of the 
particular group of lines. The operation of the first digit of 
the number wanted causes the mechanism of the first selector 
to step the brush terminals upward to one of the ten levels 
arbitrarily connecting to a particular 10,000-line unit. This 
selector is of the trunk-hunting type, that is, the subscriber, 
as noted above, having dialed, say, the digit 6, causes six electri¬ 
cal impulses to be transmitted through the selector mechanism 
through the stepping relay, raising the brushes to the sixth level. 
r fhe selector then automatically begins a rotary movement 
and continues until an idle trunk is found. There are ten 


trunks over which this rotary trunk selection takes place and the 
traffic is so distributed over selector equipment that with very 
few exceptions an idle trunk will be found within this group 
of ten. The connection is then established through what is 
termed repeater equipment (consisting of coils and relays 
by the aid of which the calling impulses are repeated from the 
local to the distant office and talking battery is provided to 
the calling station) to a particular second selector in the distant 
office. The dialing of the second digit by the calling subscriber 
again operates the stepping mechanism to one of the ten levels 
corresponding to the thousands of the number wanted. Auto¬ 
matic rotary movement takes place, selecting an idle trank to 
the third selector where the dialing and selecting of the hZdreds 
is the same as for the first and second selectors. The con¬ 
nection now is established through to the connector which is 
similar m its operation to selectors with the exception that the 

hTnlfTT th ! T C !f niSm t0 the corresponding level while 
unif Tn dlgl ] C °tl r0ls the rotar y movement to the particular 

rnThl r ?' , The , connector also supplies talking battery 
• , ed subscriber and sends out the necessary ringing 

impulses to call either the individual or party subscriber de 

T‘Sri::l S „ b f H k the bUSy Signal “ lhe liM is in use. 

laVretZ.V, ? T"™ ‘° ^itattooks antomati- 
ealij returns all of the connecting equipment to -normal 

position again for use on subsequent connections. 
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Calls from, Automatic Stations to Manual Stations are ob¬ 
tained by operation of an arbitrarily assigned digit, the ninth 
digit or level being available in this case. Trunks from these 
first selector ninth levels lead to the nearest manual office 
and terminate by the aid of the familiar line and cutoff relay 
on an answering jack with a lamp signal before an A operator. 
Referring to Figs. 7 and 8, the A operator upon receiving a 
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Fig. 7—Equipment Involved in a Connection Between a Holly¬ 
wood Office Automatic Subscriber and a South Office Manual 

Subscriber 


line lamp signal, plugs into the corresponding answering jack 
and requests the subscriber to give the number (and office 
prefix) wanted as shown by the directory listings. The call is 
then completed within the office received or is trunked over the 
manual trunking system to the distant B operator in the same 
manner as described under calls manual to manual. In the 
downtown district where a considerable Amount of traffic is 
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Fig. 8—Equipment Involved in a Connection Between a South 
Office Automatic Subscriber and a Hollywood Office Manual 


Subscriber 


involved, it was found impossible to add to the large number 
of A positions to the various manual units and it was necessary 
to install a special manual switchboard, shown in Fig. 5 in 
available space in the Olive office building. This special board 
contains only the necessary multipled terminating lines, out¬ 
going trunks and key and supervisory equipment necessary 
for establishing the connections between the automatic and 
manual system. Automatic calls therefore in this district are 
completed by the dialing of the digit 9 as before, bringing the 
line signal in on this special A switchboard where such con- 
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nections are completed as in regular manual practise over 
trunk lines assigned over order wires. 

Calls from Manual Stations to Manual Stations are obtained 
in the same manner as existed prior to the consolidation, that 
is, by the agency of the A and B operators and corresponding 
manual switchboards. Referring to Fig. 2, the calling manual 
subscriber upon lifting the receiver from the hook causes a lamp 
to light before an A operator in his district. This line termin¬ 
ates on the ordinary line and cutoff relays, the former operating 
as soon as the switchhook closes the circuit, causing the line 
lamp to burn. The A operator then plugs into the correspond¬ 
ing line jack witlTone end of a double-ended cord circuit, this 
operation causing the cutoff relay to energize and thereby 
opening the circuit through the line relay and lamp. The 
operator then throws the listening key and requests the called 
for number. She then proceeds to complete the connection 
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by plugging either directly into the subscriber multiple or by 
plugging into a trunk line leading to the distant office required 

circuit a! ThTd- f ft B operator over an order wire 

quS\nIL e ribe5 n m“e T 

‘he subscriber ansiZ Su“eZoZ 

with both the trunk cord and the double-ended A coritaZh 
the necessary indication to the operators of the establishment 
of the connection and end of the conversation When both 
lamps associated with the double-ended A operator’s cord re^ 
]? 9 e connection is taken down and this operation gives a 
d^connect signal also to the distant trunk onStor 

Zlf\ /r "r Manml Nations to Automate StaiLs' are ob 
tamed by direct trunk circuits Ari „ c f s are ob- 

manual subscriber’s request for a ° Per ? tor receiving a 

as indicated by the direetorv UctHu U &r _f utomatic number, 

y tne directory listing, proceeds to dial the num- 
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ber in the same manner as described above for an automatic 
subscriber. Each A operator is provided with a group of 
trunks, as shown by Fig. 6 and described in the first part of 
this paper, leading to the nearest automatic office and termina¬ 
ting directly on first selectors. 

Private Branch Exchange Calls originating from such ex¬ 
changes of the former Home Company were formerly operated 
and are still operated on a manual basis. Calls placed by ex¬ 
tension stations from these private exchanges are trunked to 
a manual switchboard in the Olive office building, this switch¬ 
board having the familiar subscriber multiple of all the private 
exchange trunk lines. The incoming private exchange trunk 
lines, however, are carried through Keith line switches, the 
function of which is to select a non-busy operator and to place 
the line lamp signal before that operator. This arrangement 



Fig. 10 —Curves Showing Tendency of Originating Calls Between 

Former Pacific and Home Stations 

is commonly known as the traffic distributor. This pre-selected 
operator then receives the request for either an automatic or 
manual number and if for the former, she dials the number as 
described above for manual A operators. If the called for 
number is for another private exchange station, the operator 
completes the connection in the multiple similar to a manual- 
to-manual connection and if the request is for a station in a 
manual office, it may be obtained by the use of order wires and 
trunks direct to the office required or over trunk lines to the 
special Olive office manual A board. All connections to and 
from the former Pacific manual private branch exchange sta¬ 
tions are completed in accordance with the above general 
methods of handling calls to and from manual stations 

Fig. 10 has been prepared to indicate the volumes of traffic 
expressed in calls that passed between the former automatic 
and manual stations as at the specified dates, The curve was 
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developed from the following records and immediately after 
the record of September 13, 1918. (Later records have since 
been taken and are shown by dots on the original curve.) 



Automatic 

to 

Manual 

Manual 

to 

Automatic 

Total 

calls 

May 31, 1918. 

16.30S 

31,870 

48,178 

(1 day before formal announce- 




ment) 




June 21, 1918. 

71,883 

70,921 

142,804 

July 19, 1918. 

83,589 

76,556 

160,145 

August 23, 1918. 

95,059 

80,285 

175,344 

September 13, 1918. 

105,602 

88,161 

193,763 


So far as I know, no definite statement can be made as to 
the gains accruing to the subscribers at Los Angeles under the 
consolidated arrangement, because the most important factors 
are not capable of reduction to equated savings in dollars. 

Some of the major factors resulting in direct benefit are: 

1. Value to the subscribers resulting from telephone access 
to each and every subscriber in the Los Angeles exchange and 
to all long distance lines centering there. 

2. Rental savings resulting from the elimination of a large 
number of duplicate stations and private exchange switch¬ 
boards. 

3. Elimination of the indirect economic'loss due to confusion 
and community service inefficiency of separate telephone sys¬ 
tems. 

Some of the factors which tend to offset part of the savings 
are: 

1. Added annual charges on the plant and equipment re¬ 
quired to provide . means for universal service. There was 
very little elimination of duplicate plant investment primarily 
because each plant was designed to care for a definite develop- 
ment and volume of traffic. Consolidation obviously does not 
reduce traffic volume, but because the telephone field is con¬ 
siderably increased to every subscriber, the total volume of 
traffic in the consolidated plant is substantially increased. 

A Added operating and maintenance costs. * 

From a careful weighing of these factors it is manifest that 
the consolidated plant offers substantial savings and benefits 
o\ er the dual systems. The worth of a telephone system to 
any community lies, not only in its capacity for effecting 
good sendee but that such service shall be universal and 

available to the maximum possible number of local and dis- 
tant subscribers. 
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SOME PROBLEMS IN THE OPERATION OF POWER 

PLANTS IN PARALLEL 


BY E. C. STONE 


Abstract of Paper 

In order to operate two power plants satisfactorily in parallel, 
the transmission line which ties them together must have suffi¬ 
cient synchronizing power, as well as sufficient carrying capacity. 

The “synchronizing power” of a line depends upon its resistance 
and reactance, the bus voltages maintained at its ends, and the 
maximum kilovolt-amperes it must transmit. The ability of 
different lines to provide satisfactory parallel operation cannot 
be measured by any standard which does not take account of 
all of these factors. Limiting values for “synchronizing power” 
of lines under various operating conditions are given. 

The division of load between two plants in parallel is regulated 
by steam control; the division of wattless current associated 
with the load depends upon the voltages generated and may 
be in proportion to the division of real load, when the difference 
in voltage at the two busses will vary with the load transmitted, 
or may be arbitrary so that regardless of the load transmitted, 
the voltages on the two busses will be maintained constant. 

The latter plan generally gives better operating conditions on 
the system as a whole, but creates demands for wattless currents 
at either or both plants in excess of their normal capacity, and in 
so doing, involves an additional cost. The excess wattless cross¬ 
current so created can be materially reduced by varying the volt¬ 
age with changes in load transmitted through the use of taps 
on the line transformers, by inserting additional reactance in the 
line at light loads, or, when the stations are tied together by 
several parallel lines, by cutting out one or more lines as the 
load decreases. 

The design of a transmission line involves a consideration of 
load to be transmitted, voltage, reactance, resistance, losses, 
and charging current of the line, and of wattless generating 
capacity at the receiving end of the line. The wattless generat¬ 
ing capacity at the end of the line determines how many kilowatts 
will be transmitted for each ampere of line current, by fixing the 
power factor of the load transmitted and the voltage at the re¬ 
ceiving end of the line. When a line is to be designed for parallel¬ 
ing two plants, it must have sufficient “synchronizing power” 
to hold the two plants together. 

T HE advantages to be derived from the operation of all the 
power plants serving a territory in parallel are many and 
great. The maximum or peak capacity is increased because 
of the diversity of the load in different parts of the territory 
served; small plants with high operating costs are made avail¬ 
able for peak service only, without the injurious effects of 
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interruption to service when loading them up and shutting 
them down; the strain of carrying sharp and sudden peak loads 
is distributed over the whole generating system; customers in 
all parts of the system are given the benefits in steady fre¬ 
quency and stability of power supply which come from drawing 
their power from a source of supply having a capacity vastly 
greater than their individual requirements. 

It is not possible, however, to merely synchronize all the 
power plants of a system together over any lines that may be 
available and obtain therefrom all the advantages of parallel 
operation without experiencing any difficulties. The steam 
governing devices of the various units at the different plants 
must be adjusted with respect to each other so as to properly 
divide the load at all times. The heavy concentration of 
power in short circuits which results from parallel operation 
requires that adequate circuit breakers and other protective 
devices must be installed. The transmission lines used for 
tying the plants together must have suitable characteristics and 
sufficient capacity. This paper deals with the latter subject. 

When a number of individual machines are operated in 
parallel in one power plant on a single bus, the impedance in 
the circuit connecting them is so small as to be quite negligible 
in its effect on the parallel operation of the machines. When 
however, two separate power plants are operated in parallel, 
the transmission line tying them together comes in between the 
busses, thereby increasing the impedance of the connecting 
circuit to many times that of a station bus and decreasing its 
carrying capacity correspondingly. The impedance and carry¬ 
ing capacity of a transmission line thus become very important 
factors in determining the manner in which the power plants 
which it ties together will operate in parallel. 

The action by which two alternating-current generators 
connected to a common bus are held in synchronism is com¬ 
monly understood. If one machine attempts a speed different 
from that of the other, a difference in phase immediately de¬ 
velops between their voltages, which causes a cross current 
to flow through the local circuit made up of their armature 
windings and leads and the bus section between them. Be¬ 
cause of the reactance in this circuit, the cross current is of 
such a phase as to transfer a part of the load carried by the 
lagging machine over to the leading machine. This in turn 
causes the former to speed up and the latter to slow down, so 
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that their voltages are brought back into phase and synchron¬ 
ism is maintained. 

When two power plants are operated in parallel, the action 
described above is modified by the insertion of the tie line in 
the local circuit between generators. The vector diagram for 
a given set of conditions as to plant voltages and line imped¬ 
ance, is shown in Fig. 1. When the two power plants are 
exactly in step so that their voltages E and E 2 are in phase, 
the voltage across the circuit tying them together is e 2 , the 
current Z 2 and the power transmitted from station 1 is P 2 . 
The station delivering power to the tie line will be designated 



Fig. 1—Vector Diagram 

E — Voltage at Station 1. 

EiE'iEz = Voltages at Station 2. 

eyciez = Voltages across tie line. 

P 1 P 2 P 3 = Power delivered to tie line from Station 1. 

R — Resistance of tie line. 

X = Reactance of tie line. 

Station 1 delivers power to line. 

Station 2 receives power from line 

' X/R = 1 E 2 /E 1 = 0.80 

as station 1 or the transmitting station, and the station re¬ 
ceiving power from the tie line will be designated as station 2 
or the receiving station. 

If station 2 speeds up so as to lead station 1 by the angle 
oh, the voltage on the tie line is increased to e x and the current 
to 1 1 , but since h is at right angles to E, the power transmitted 
from station 1 to station 2 is zero. Thus station 2, by ad¬ 
vancing position from position E 2 to position E x has taken 
from station 1 an additional load equal to P 2 . On the other 
hand, if station 2 lags behind the angle a 3> the current becomes 
I z and power P 3 , so that station 2 has then dropped an amount 
of load equal to P s — P 2 which amount has been taken up by 
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station 1, loading up the tie line still further until a certain criti¬ 
cal angle of lag is reached beyond which the load transmitted 
over the tie line decreases instead of increases. 

The curves of Fig. 2 show how the amount of power trans¬ 
mitted—or load transferred—over tie lines having the same re¬ 
sistance, but different reactances, varies with variation in the 
phase angle between the voltages of the plants tied together. 
These curves represent the theoretical transmission of power, 
on the assumption that the line copper losses are part of the 
load carried from the plant busses and are divided between 



Fig. 2—Power Transmission Over Tie Line 

Resistance and voltages constant. 

Line reactance and phase-angle between station voltages variable. 

Three-phase circuit. 

a. — phase angle between E\ and Ei. 

£ = tan- 1 E/R 

XR XR 

- = cos /S sin 0 sin a — —- sin a. 

EiEo z- 

the plants in proportion to their bus voltages. This was 
done in order to show the real transfer of load that takes place 
between the two plants. These curves, and all other curves in 
this paper are calculated for three-phase transmission, the 
values of power being the total power transmitted and the 
values of voltage, the voltage between line wires of the circuit. 

The forces tending to pull paralleled plants out of phase are 
produced by the variations in the supply of power to the genera¬ 
tors and by the variations in the loads drawn from their busses. 
For example, assuming that the steam governing devices are 
§et so as to make the two plants share the total load equally 
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at all times, one-half of any increase in the load on the bus of 
one station would have to be carried by the other. That this 
could be done, the station at whose bus the increase occurred 
would have to drop behind by a phase angle sufficiently large 
to permit of the necessary additional amount of power being 
transmitted over the tie line to meet the new condition. The 
higher the impedance of the tie line, the greater will be the 
phase angle required; and if the increase in load takes place 
suddenly, the lagging plant will at first drop too far behind 
because of its inertia, and will perform several “vibrations” 
before coming stable in its new position. ■ In practise, therefore, 
the phase angle is constantly varying, the degree of variation 
depending on the magnitude and rapidity of the load fluctua¬ 
tions and on the impedance of the tie line. If it varies too 
rapidly or over too wide a range, an unstable or “pumping” 
condition will be created, which will cause swinging loads on 
the machines and bad voltage fluctuations, and may sufficiently 
increase the current in the tie line to open the line breakers and 
separate the plants. To obtain satisfactory parallel operation, 
therefore, the resistance and reactance of the tie line must be 
low enough to permit of a sufficiently free exchange of power 
between plants so that under the most severe conditions of 
load fluctuations the phase angle between stations will never 
vary sufficiently to cause harmfully unstable conditions or to 
open line breakers. In general, practical limitations of carry¬ 
ing capacity of the conductor and of line losses limit the maxi¬ 
mum permissible phase angle to from 10 to 30 degrees. 

The ability of any line to hold two plants together in satis¬ 
factory parallel operation may be called its “Synchronizing 
Power,” which is defined as the change in the amount of power 
that the line will transmit for each degree change in phase dis¬ 
placement of the voltages of the stations it ties together. 
Mathematically, this means the rate of- change in power trans¬ 
mitted with respect to change in phase angle, and is represented 
by the “slope” of the curves of Fig. 2. The formula is as 
follows: 


Ps = 


E iE 2 
1000 



X cos a. 


where 

Ei = voltage at transmitting station. 
E 2 = voltage at receiving station. 
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X = the reactance of the tie line. 

Z = the impedance of the tie line. 

a = the phase angle between Ei and E % . 

Ps = synchronizing power in kilowatts. 

To be rigidly accurate, the X and Z used above should in¬ 
clude the armature windings and bus connections of the genera¬ 
tors at the plants, but as these generally have very low im¬ 
pedance compared to the impedance of the line, they can or¬ 
dinarily be neglected. 

On a given line, the greatest change in the amount of power 
transmitted for a given change in phase angle between the 
station voltages occurs when the phase angle is zero, while 



40 ^ 

LU 

Q_ uj 

30 QrZ 

O_ i 

0 _J 

20 

5 CO 
lOog 
cr Q 

u —J 

0 Q- 


Fig. 3—Synchronizing Power Under Normal Operating Conditions 

Power factor of load transmitted taken as unity. 

P s ~ EiE» X/Z 2 cos ex. 


the least change occurs when the angle is 90 degrees. (See 
Fig. 2). The synchronizing power of a given line is therefore 
a maximum when the phase angle is zero and zero when the 
phase angle is 90 degrees. Since the phase angle increases as 
the load transmitted increases, the synchronizing power de¬ 
creases as the load transmitted increases. 

The curves of Fig. 3 show the synchronizing power of lines 
having the same resistance with varying reactances, when 
carrying loads of from 0 to one-half the synchronizing power 
of the line. It will be seen that for a line of given resistance the 
synchronizing power is greatest when the reactance-resistance 
ratio of the line is unity and decreases rapidly as this ratio 
changes from unity value. 
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While the synchronizing power of a line as defined above may 
be easily calculated, it is not so easy to determine the amount of 
synchronizing power that is necessary in a given case to secure 
satisfactory parallel operation. This will depend on man y 
factors—among them the types of prime movers and their 
load-speed characteristics, and the character of the load de¬ 
livered from the busses of the two plants. Reciprocating 
engine plants will require higher synchronizing power than 
turbine plants. Loads having rapid and large fluctuations 
will require more synchronizing power than steady loads. In 
checking up a number of actual cases, it has been found that 
under the conditions of fluctuating power load as found in the 
Pittsburgh district, the least line synchronizing power which 
will give satisfactory parallel operation of large turbine plants, 
with the relatively steady load of large systems, is a synchroniz¬ 
ing power approximately equal to the capacity of the smaller 
plant to be paralleled, while with smaller plants, consisting 
partly of reciprocating engines and partly of turbines and the 
relatively high load fluctuations of the smaller systems, the 
tie line to give stable operation must have a synchronizing 
power equal to not less than 1.5 times the capacity of the 
smaller plant. 

Inasmuch as the synchronizing power of a tie line depends 
upon a number of factors as explained above, it is obvious that 
any accurate criterion of the ability of a given line to hold two 
plants together must take account of all these factors. For 
example, it is sometimes said that a line having a capacity 
equal to a certain percentage of that of the smaller plant to 
be paralleled will give satisfactory operation. Yet two lines 
may be designed for just this capacity at the same voltage with 
widely different synchronizing powers. For similar reasons 
it cannot be assumed that a line which develops not more than 
a certain copper loss will be satisfactory, for such a statement 
does not take account of all of the variables. 

Synchronizing power of the tie line becomes a limiting factor 
when the line voltage is low for the distance transmitted. 
When the value of volts per mile is relatively high, the syn¬ 
chronizing power will be found ample. 

Synchronizing power must be given equal consideration 
whether there are generators or loaded synchronous motors 
at the receiving end of the line. It is unimportant in connec¬ 
tion with synchronous condensers, however, since the energy 
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which they take is always a very small percentage of the maxi¬ 
mum power transmitted over the line. 

The division of load between two plants in parallel depends 
of course upon the governor adjustments on the steam end of 
the prime movers; the division of wattless load associated 
with the energy load depends upon the voltages generated by 
the two plants and may be entirely different from the division 
of real load or energy supply. Thus the plant at one end of a 
line might supply all of the energy required while the plant at 
the other end might supply all of the wattless load. 

By suitable voltage adjustments the plant which supplies 
power to the tie line may be made always to supply the wattless 
component associated with that power—under which condition 
the difference in voltage at the two busses will vary with the 
load on the line, being zero at no-load and a maximum when 
the maximum load is transmitted. Ordinarily, however, this 
operation produces too wide a range of voltage at the station 
busses to be satisfactory, and it becomes necessary to regulate 
the voltages within a closer range. This is possible, since the 
difference in voltage which is developed between the two ends 
of a transmission line when power is transmitted over it, de¬ 
pends not only on the amount of power transmitted but also 
on the amount of wattless energy. Given a certain voltage 
difference to be maintained between the ends of the line, there 
is a certain amount of load which with the wattless component 
associated with it, will just absorb that voltage difference. 
When the power transmitted is less than this value it becomes 
necessary in order to maintain the required voltage difference 
to set up a wattless cross current between the generators of 
the two stations, which current has the effect of lowering the 
power factor of the transmitting station and raising the 
power factor of the receiving station. When the power trans¬ 
mitted is more than the given value, the cross current must 
be in the opposite phase and has the opposite effect on the 
power factors of the two stations. The result is that the trans¬ 
mitting station has excess wattless current to take care of when 
the load on the tie line is light while the receiving station has 
excess wattless current to take care of when the load on the 
tie line is heavy. This is provided for by installing generators 
rated at a sufficiently low power factor or by installing syn¬ 
chronous condensers. At stations where the excessive cross 
current occurs only at periods of light load, more generators 
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of normal power factor rating may be run at such periods than 
would be required by the energy load only—a method which 
is wasteful of coal, but may be more economical than the in¬ 
stallation of additional equipment to take care of off-peak 
wattless current. 

Fig. 4 shows how the wattless current in lines of different 
characteristics must be varied as the energy transmitted 
varies, in order to maintain constant bus voltages at both 
stations. Where the curves are below the horizontal zero 
line the wattless current in the tie line is lagging with respect 
to the voltage of the transmitting station and leading with 
respect to that of the receiving station. Where the curves 
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Fig. 4—Wattless Current vs. Power in.Tie Line 


are above the zero line, the wattless current is leading with 
respect to the voltage of the transmitting station and lagging 
with respect to the voltage of the receiving station. 

The important points brought out by the curves of Fig. 4 are: 

(1) The variation in wattless current for a given variation 
in load is very much greater where the reactance-resistance 
ratio of the line is low than where it is high. This means that 
the wattless cross current required to maintain constant bus 
voltages and the excess copper losses and wattless generating 
capacities arising therefrom increase very rapidly as the reac¬ 
tance-resistance ratio of the line decreases. 

(2) When the same voltage is maintained on the busses of 
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both stations and load is transmitted over the tie line, the 
wattless cross current which is set up, always leads the voltage 
of the transmitting station and increases as the load trans¬ 
mitted increases. This means that the receiving station not 
only must supply all of the wattless current associated with 
the load received from the other station, but must also supply 
a certain amount of wattless cross current to the line in order 
to hold up the bus voltage. 

(3) In order that the lagging wattless current associated 
with a given load as well as the load itself may be transmitted 
by the tie line, the voltage at the receiving station must be 
lower than that of the transmitting station. 

(4) In view of the conditions shown by Fig. 4, it is necessary 
when laying out an installation in which constant voltages are 
to be maintained at the power station busses, to consider the 
conditions created when the minimum amount of power, as 
well as when the maximum amount is transmitted over the 
tie line. 

In this connection it is interesting to note that the maximum 
amount of power which can be transmitted over a given line 
is independent of the reactance when sufficient wattless current 
can be generated at the end of the line, and depends only on 
the resistance of the line. It is that amount of power which 
equals the square of the transmitting voltage divided by four 
times the resistance. The voltage at the receiving end to give 
the maximum power is equal to the impedance divided by 
twice the resistance, hence is one-half of the transmitting volt¬ 
age when there is no reactance, is equal to the transmitting 
voltage when the reactance is 1.732 times the resistance, and 
is greater than the transmitting voltage for a greater reactance. 
The very excessive line loss and wattless generating capacity 
required at the receiving end prohibit ever taking from a line 
the maximum amount of power that it can transmit. 

\\ hen it becomes necessary to maintain the same bus voltages 
at both stations with very light loads transmitted as are main¬ 
tained at full load, the wattless cross current may develop into 
an item of considerable cost. For this reason it becomes de¬ 
sirable to reduce it as much as possible. This can be done in 
two ways as follows: 

a. By varying the voltage delivered to the tie line at the 
transmitting station as the load varies. 

b. By varying the impedance of the tie line as the load varies. 
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The voltage delivered to the tie line is varied through the 
use of taps on the line transformers, or by means of an inductive 
regulator or synchronous booster. This method causes little 
variation in the synchronizing power of the tie lines, but in¬ 
volves considerable expense for special equipment. 

The impedance of the tie line is varied through the use of 
reactance external to the lines or, when the tie circuit consists 
of several lines in parallel, by varying the number of lines in 
service. Both of these methods decrease the synchroniznig 
power as the impedance is increased, but involve little or no 
cost for special equipment, and will be found of very real value 
in many cases. It often happens that by a simple switching 
operation some of the short-circuit limiting reactances at the 
power stations can be switched into the lines used for parallel¬ 
ing, so that the impedance of these lines can be materially in¬ 
creased at light load periods. Changing the number of lines 
in service is of course accomplished by the use of the switches 
regularly installed with the lines, and so requires no special 
equipment at all. 

The design of a line to transmit a given amount of power 
over a given distance involves a consideration of voltage, resis¬ 
tance, reactance, losses, and charging current of the line, and 
of wattless generating capacity in the form of synchronous 
condensers at the receiving end of the line. The selection of 
the proper voltage involves many factors outside of the scope 
of this paper, and will not be discussed. To obtain a minimum 
total cost of line at any given voltage, the annual cost of the 
copper losses in the line should equal the annual cost of the 
investment in copper; then, in order to obtain the minimum 
total cost of transmission, the proper size of synchronous con¬ 
denser should be installed at the end of the minimum cost line 
to give the minimum total cost of line and condenser per kilo¬ 
watt delivered at the end of the line. Thus the cost of copper 
and copper losses determine the resistance of the line, while 
the cost of synchronous condenser capacity in relation to the 
cost of the line determines how many kilowatts will be trans¬ 
mitted for each ampere of line current, by fixing the power 
factor of the load transmitted, and what is equally important, 
the voltage at the receiving end of the line. The charging cur¬ 
rent due to the capacitance of the line produces the effect of 
approximately the equivalent number of kilovolt-amperes in 
synchronous condenser capacity located at the middle point 
of the line and supplied with no additional investment. 
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When a line is to be designed for paralleling two plants, the 
minimum as well as the maximum amount of power to be 
transmitted, and the direction of transmission of each, must 
be determined from the characteristic curves of the loads sup¬ 
plied from the two busses, from the operating schedules desired 
of the prime movers at the respective stations, and to a lesser 
degree, from the load-speed characteristics of the machines and 
the fluctuating or steady nature of the load. The synehroniz- 
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of a constant amount of power at a fixed voltage per mil e, 
and the synchronizing power of the line resulting therefrom 
for various values for the ratio of reactance to resistance of 
the line. The following figures have been assumed as a b asis : 

Transmission voltage, 1000 volts per mile. 

Cost of copper, 22 cents per pound. 

Cost of synchronous condenser capacity, $5.00 per kv-a. 

Losses of condenser, 0.035 kw. per kv-a. of capacity. 

Annual cost of investment, 15 per cent. 

Cost of energy, 2 mills per kilowatt-hour. 

Power factor of load delivered from busses of both stations, 
80 per cent. 

Load factor, 50 per cent. 

Range of load transmitted, 0 to maximum. 

The reactance-resistance ratio of the line is determined chiefly 
by the frequency, size-of conductors, and design of the step-up 
and step-down transformers. The inherent reactance of trans¬ 
formers goes up rapidly with their voltage, because of the in¬ 
creased spacing required between their high- and low-tension 
windings, and low reactance at high voltages is attained only 
by an abnormal and costly design. The reactance of a given 
line at given frequency, therefore, can only be reduced by 
splitting it up into a number of parallel lines having smaller 
conductors and providing abnormally designed transformers, 
both of which methods are very costly. On the other hand, 
the reactance of a line can be readily increased to almost any 
desired value for a few per cent of the cost of the line by the 
installation of reactance coils. It is therefore fortunate that 
good voltage regulation can be attained with high reactances. 

High voltage lines are generally designed for large blocks 
of power, making the combined reactance of the large conduc¬ 
tors and of the transformers inherently high. Low voltage 
lines, with relatively small conductors, and often no transform¬ 
ers, have inherently low reactance. 

On the left hand side of the curve sheet, Fig. 5, are shown 
the conditions where the bus voltage of the receiving station 
varies with the load. As the reactance-resistance ratio in¬ 
creases from 1 to 5.5, the total cost of transmission increases 
16 per cent, showing that high reactance means a slight in¬ 
crease in total cost of transmission, under the minimum cost 
conditions. The synchronous condenser capacity goes up 
from 0.38 kv-a. per kilowatt transmitted, corresponding to 
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90 per cent power factor lagging in the line, to 1.06 kv-a. per 
kilowatt transmitted, corresponding to 95 per cent power 
factor leading in the line. Unity power factor obtains when 
the reactance-resistance ratio is 1.8. The cost of the condenser 
capacity varies from 9 per cent to 35 per cent of the cost of 
the line and line losses. 

On the right hand side of Fig. 5 are shown conditions when 
the bus voltages are held constant as the load on the line is 
varied from zero to the maximum for which the line is designed. 
The wattless cross current necessary to maintain constant bus 
voltages introduces an additional element of cost, so that the 
total cost is higher than before for all values of the reactance- 
resistance ratio of the line. Furthermore, the total cost in¬ 
creases, instead of decreases, as this ratio decreases. This is 
eeause, with a given line resistance, the cross current required 
o maintain constant voltage increases rapidly as the reactance 
decreases, as is indicated by the curve showing the wattless 
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T , P klIowat t of line capacity when the ratio is unity. 

ever vervTeTrl^^ 11 ? 1 ! C ° St Under these conditions ishow- 
is 9 5 go fw F h reacbed When the reactance-resistance ratio 

proportion of J h6 f 7 ad T antage t0 be Seined by a greater 
ceivino- end of thp ^ 18 t rads ' ng . the voltage at the re- 

when power is tmnf' wbicb is onI F of importance 
T power 1S transmitted m both directions 

Inder constant voltage eondhirmc ™ , 

denser capacity is used, with theZmlTZZ- ,T ° US , C ° n ~ 

at the receiving station and mi+p + lsln S the voltage 
eurronf tn ™ Ration and cutting out sufficient wattless cross 
current to more than pav for fho addn-i^^i , cross 

The cost of the condeS Lacitv ™ e C “? !nsa ' capacity. 

PW cent of the cost of the linear,,Hi,,'" fr0m 30 per cent to 40 

mitted” ^ans- 

when the reactanT“rSst^e St. 7Z1 7“ 6, 

ratio is 5.7—slightly higher than jw ’ , own to l- 3 when the 
receiving voltages. 7 & h b fore because of the higher 

The curve giving values of 

E i 2 m &y be called the de- 

SeT„?,he^^rSri ta ? e * *• 

win transmit a given amount of power 



1919] 


STONE: POWER PLANTS IN PARALLEL 


1665 


P at minimum cost, or the amount of power P which can be 
transmitted at minimum cost per kilowatt over a line having a 
given resistance R can be obtained immediately from this 
curve. 

Comparing the curves under the condition of variable or 
constant bus voltage, it is found that for a reactance-resistance 
ratio in the line of 5.7, the constant bus voltages are obtained 
at practically no additional cost. As the ratio decreases, 
however, the cost of securing constant bus voltages increases, 
being 8 per cent of the total transmission cost for a ratio of 3, 
and 31 per cent for a ratio of 1. If the inherent reactance of 
a specified line is not high enough to give economical operation 
additional reactance in the form of reactance coils can be in¬ 
serted at a cost of only a few per cent of the cost of the line. 
Under the conditions assumed, therefore, constant bus voltages 
should be obtained for an increase of not more than 10 per cent 
of the total cost of transmission—which is a very low cost 
for the advantages to be gained thereby. 

The transmission voltage in relation to the distance of trans¬ 
mission has a very direct bearing on the line design problem. 
In the curves it has been assumed to be 1000 volts per mile of 
line. If the number of volts per mile is lower, more synchron¬ 
ous condenser capacity will be used and the synchronizing 
power will be decreased and may become the limiting factor 
of the design, especially when the power to be transmitted is 
a small part of the station capacity. In this case, it becomes 
necessary to use more copper than is required for the load, or 
to reduce the reactance, or to do both, in order to obtain suffi¬ 
cient synchronizing power. 

If the number of volts per mile is greater than 1000, less 
synchronous condenser capacity will be used and more syn¬ 
chronizing power will be obtained than is indicated in Fig. 5. 

In general, it will be found that where constant bus voltages 
are necessary, the best tie line will be the one which has the 
greatest reactance consistent with the necessary synchronizing 
power. Transmission with high reactance, however, necessi¬ 
tates an ample amount of wattless generating capacity at the 
receiving station, in order to hold up the voltage. Where 
this is not available, so that a considerable amount of wattless 
current must be supplied with the load from the transmitting 
station, high line reactance is impracticable and the cost of 
maintaining constant bus voltages is greatly increased. 
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In Figs. 6 and 7 are shown data worked out for specific cases, 
to determine how the wattless cross current could be reduced. 
In both cases it was necessary to maintain constant bus voltages 
at the two plants to be paralleled. In Fig. 6, loads varying 
from 0 to 15,000 kw. were to be transmitted from one station 
to the other. In order to keep the excess wattless current— 
by which is meant the wattless current which either station 
would be called upon to supply in addition to that associated 
with the real load it was delivering—below the limit of 4000 
kv-a., it was necessary to provide four additional taps on the 
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power factor drops below 45 per cent, one line is immediately 
cut out. • This doubles the kilowatts transmitted by the re¬ 
maining line, but does not increase its current, so that by cutting 
out the other line approximately 180 amperes of cross current 
are eliminated. 

In concluding with a brief summary, it must be borne in 
mind that in designing a tie line to meet any specified condition 
many variables enter the problem. In general, costs of copper, 
steel, and coal go up and down together, so that absolute costs 
are not so important as relative costs of these items. The load 
factor of the power transmitted affects the overall costs of 



Fig. 7—Regulation of Wattless Cross Current by Varying the 
Reactance and Number of Tie Lines in Service 

line losses, and therefore the amount of the copper used. The 
transmission voltage in relation to the transmission distance 
has a very direct bearing on the amount of synchronous con¬ 
denser capacity to be used, and on the synchronizing power of 
the line. Since the data and curves which have been shown 
are based upon a series of specific assumptions, which while 
sufficiently correct under the conditions at hand, might have 
to be materially changed to meet other conditions, the data 
presented are of interest in showing the relative weight of the 
different factors rather than in determining absolute values. 
It is hoped that in showing the effect of the different variables 
on the problem as a whole, a guide may be furnished to the 
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capacity, as determined by load and operating conditions at 
the two stations, is the limiting factor; when the voltage per 
mile is low, synchronizing power more often marks the limit, 
especially when the reactance is high and the load to be trans¬ 
mitted relatively small. The necessity for sufficient line 
synchronizing power applies equally whether generators or 
loaded synchronous motors are at the end of the line, but is 
unimportant in connection with synchronous condensers at the 
end of the line. 

The design of equipment for transmitting a block of power 
over a given distance at minimum cost must take into account 
the use of synchronous condenser capacity at the receiving end 
of the line. The condenser is effective in raising the receiving 
voltage as well as in controlling the transmission power factor, 
and materially reduces the amount of copper required in the 
line. The amount of condenser capacity which may be 
economically used depends on the power factor of the load, the 
relation between the cost of line capacity and condenser 
capacity, and the reactance-resistance ratio of the line. Where 
this ratio is high, sufficient condenser capacity may be justified 
to produce a considerable leading component in the tie line 
current. In a line of given resistance, with the receiving 
voltage unregulated, the total cost of transmission increases 
slightly with the increase in reactance. 

Where synchronous machines of sufficient capacity, either 
condensers or generators, are installed at both ends of the line, 
the bus voltage of both stations can be maintained constant as 
the load transmitted over the line varies, by the creation of a 
wattless cross current. This wattless current, however, 
involves an additional cost in copper loss and in the wattless 
generating capacity required at one or both stations to take 
care of it, which cost is small when the reactance-resistance 
ratio of the line is sufficiently high, but which rapidly increases 
as the reactance decreases, and for low line reactance becomes 
very important. This wattless current can be materially 
reduced under certain conditions, by varying the voltages at 
the ends of the line as the load varies through the use of trans¬ 
former taps, by inserting additional reactance in the line at 
light loads, or, when the stations are tied together by several 
parallel lines, by cutting out one or more lines as the load 
decreases. 

The increase in the cost of transmission with constant bus 
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voltages caused by this wattless cross current represents the cost 
of eliminating the regulation of the tie line. The wattless cross 
current decreases as the reactance-resistance ratio of the line 
increases, but the synchronizing power also decreases. Hence it 
will generally be found that the best design of transmission 
equipment for constant bus voltages is that which makes the 
reactance of the line as high as is permissible for the synchroniz¬ 
ing power required. With such a design, the cost of maintain¬ 
ing constant bus voltages—that is, of eliminating the regulation 
of the tie line—does not amount to more than a few per cent of 
the total cost of transmission, which is a very small price to pay 
for the operating advantages gained. It must be remembered, 
however, that to obtain constant bus voltages at this slight 
cost, the installation of sufficient wattless generating capacity 
at the receiving station is absolutely essential—a feature, 
unfortunately, that is too often lacking in existing systems. 


APPENDIX 


In what follows, the. formulas are developed which were 
used in calculating the data presented in the foregoing paper. 
Referring to Fig. 9, 

Let E or E x - Voltage at transmitting station. 

E 2 or kE = Voltage at receiving station. 

E o = Voltage across tie circuit. 

k = E 2 /E 

cl = Angle between E and E 2 

z — Impedance of tie circuit 

r = Resistance of tie circuit 

x — Reactance of tie circuit 

0 = tarn -1 x/r 

^ >1 ~ Power delivered to tie circuit by transmitting 

station in watts. 


W i 
V A x 
P t 



va 2 


= Wattless delivered to tie circuit by trans¬ 
mitting station in volt-amperes 
Total volt amperes delivered to tie circuit by 
transmitting station 

= Power received from tie circuit by receiving 
. station, in watts 

= Wattless received from tie circuit by receiving 
station in volt-amperes 

= Total volt-amperes received from tie circuit bv 
receiving station 
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P s = Synchronizing power of tie circuit, in watts 

I o = Current in tie circuit, in amperes 

0 2 = Angles between voltages as shown in Fig. 9. 

✓ 

/ 



Fig. 9—Voltage and Current Relations When Power is Trans¬ 
mitted Over Tie Line 

From the triangle of voltages, 


Ei + E 2 
E,-E, 
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1 + k 
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V 1 + k 

a \ 

2 / 

(2) 

1/^ (0 2 0l) = 

34 (180 - a) = 90 - 

• «/2 

(3) 


Adding (2) and (3) 

0 2 = 90 — a/2 + tan" 1 j cotan a/2 ( 4 ) 

whence 

1 ~ k 

tan a/2 — .. —-r- cotan a/2 
tan (90 — 0 2 ) = - l ~~k - 

l + y + 1 c ^ an a ^ co ^ an 


k — cos a 
sin a 



Therefore 

cotan (180 — 0 2 ) = — tan (90 — 0 2 ) = — - S - . ——— (6) 

sin a. 

Subtracting (2) from (3) 

0! = 90 - — tan -1 (-Lp^ cotan ^ ( 7 ) 
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whence 
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Therefore 
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Again from the voltage triangle, 
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By substituting value of cotan 6\ from (9) 

Pi = E 2 /r k cos 0 

( sin a sin [3 + sin a cos 0 i —— cos a 
' ( A: sin a 

= E 2 /r k cos (3 

( sin a sin 0 + - C °^ ^ — cos <x cos (3 ) 
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= — E 2 /^ k sin /3 cos /3 


sin a cos 




/ sin a . 1 

( teiTT +cosa: -T 
jB 2 /r A cos 2 /? tan /3 
/ sin a 1 \ 

(l5T + cos ““~) 


■) 


VI, - E .1, - E.kE . 


E* 


k cos /3 


cos |S sin a 
r ' sin 0i 

sin ol 


(1 + cotan 2 a)'/* 


r ' - k sin a 

VAi = E 2 /r cos /? (1 + k 2 — 2 k cos a)'A 
Similarly, 

P t = E 2 Ii cos (/? - {180 - d 2 \ ) 

Wi = Ei I 2 sin (13- {180- 0 2 } ) 

cos j3 


YAi = E 2 .Io = kE .kE . 


sm ol 


( 23 ) 


( 24 ) 


( 25 ) 


( 26 ) 


( 27 ) 


E 2 i 0 ■ (k 2 + 1 — 2 k cos a) i4 

k cos p.sina. ---— , _ _ J — ( 28 ) 


r ‘ sin (180 — 0 2 ) 

From which are obtained by substituting for cotan (180 

■*- • 

, cos a — k ... ...... 

its equal-=-as obtained m ( 6 ). 

sm a w 


( 29 ) 

( 30 ) 

( 31 ) 

( 32 ) 

• 0 2 ) 
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P 2 = E 2 /r k cos 2 /? (sin a tan p + cos a — k) (33) 

Wo — cos 2 tan ft^ ^ + k — cos a ^ (34) 

y Ao = J57 2 /r & cos ft (1 + k 2 — 2 & cos oj) k (35) 

Copper Loss in tie Circuit , It is obvious that the copper 

losses in the tie circuit are equal to the power delivered to one 
end of the tie circuit minus the power received at the other end. 
That is, (36) 

J 0 2 r = Pi — P 2 = E 2 /r k cos 2 P (sin a tan p + 1/k — cos a) 

— E 2 /r k cos 2 P (sin a tan (3 + cos a — k) 


= P 2 /r k cos 2 /? (i + 1/A - 2 cos a) (37) 

Synchronizing Power . It may be assumed that the elements 
of line loss in P 1 and P 2 are variable loads supplied from the 
busses of transmitting and receiving stations, respectively. On 
this basis, the power actually transferred from one station to 
the other for a given phase angle a between their voltages as 
obtained from (19) to (33) is found to.be 

E 2 /r k cos 2 p sin a tan P (38) 

or E 2 /r k sin P cos p sin a ( 39 ) 

The synchronizing power P 5 , is defined as the change in the 
amount of power transferred over the tie circuit for one degree 
change in phase between bus voltages. 


Therefore 



d 

d a 


(E 2 /r k sin p cos p sin a) (40) 


- E 2 /r k sin p cos p cos a) (41) 


which is equivalent to — 1 

r 



r 

— . cos a 
z 


(42) 


or E-, E-, . x/z 1 . cos a 


( 43 ) 
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SOME NEW FORMULAS FOR REACTANCE COILS 

BY H. B. DWIGHT 


Abstract of Paper 

Formulas are presented and derived, which have not been 
previously published, for mutual inductance of coils with 
parallel axes, repulsion of coils with parallel axes, and self¬ 
inductance of long cylindrical coils. 

. These formulas apply to practically all cases of reactance coils 
m common use. They are very convergent and accurate, and 
will give results to a given degree of accuracy with a minimum 
amount of labor. 

For many engineering problems, precise accuracy is not 
required, and sets of curves are given from which approximate 
readings may be taken. 


Papt I— Mutual Inductance of Coils with Parallel Axes 

T HE common method of mounting reactance coils is with 
parallel axes, that is, side by side, and it is desirable to 
have formulas which apply to coils in this position. The 
values of mutual inductance derived in the following paragraphs 
are useful for calculating the unbalance in voltage and the 
means for correcting it, when three coils are placed side by 
side and connected in a three-phase circuit. The formulas are 
also useful in the design of radio apparatus. The calculation 
is very exact for widely separated coils, and it has an accuracy 
within a small percentage for coils placed as close together as 
it is usual to mount reactance coils. For usual engineering 
problems where precise accuracy is not required, it is not 
necessary to calculate the results, but values may be read from 
the curves of Fig. 1, thus saving the labor of computation. 

A formula for the mutual inductance of two circles formed 
of one turn of infinitesimally thin wire has been given by S. 
Butterworth,* for the case when the axes of the circles are 
parallel, and when the distance between the centers of the 
circles is somewhat larger than their diameters. In order to 
obtain a formula suitable for commercial reactance coils of 
many turns, the author has integrated the above formula four 

♦Scientific Paper No. 320 of the Bureau of Standards, Washington, 

D. C., June, 1918, Eq. 10 A, and Philosophical Magazine, Vol. 31, 1916, 
page 443. 
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times over the rectangular section of a cylindrical coil, with the 
following result:— 

M, in henrys, 


2 7 r 2 a 3 N 2 
0.3937 b 2 10 9 


a 




a c 


2 r 3 


1 + 




2 s 3 


12 a' 


) 


1 . + 


+ 


13 c 4 
240 a- 


6 a : 


+ 


144 a 4 


+ 


960 a ( 


) 


5 a 6 /., 5 s 2 , 35 s 4 3 r 5 \ 

/ „ , 17 c 2 , 169 c 4 , 41 c 6 , 113_\ 

V 1 + IF V 2 + ~600 V 4 + 2800 a 9 + 672,000 a 3 / 

, 35 a 7 / 1 21 s 2 , 189 s 4 231 sl_ ll \ 

32 r' \ 2 r 2 + 8 r 4 16 r G 16 s 7 ) 



155 c 2 
84 a 2 


, 2167 c 4 541 c 6 
+ 2520 a 4 + 4704 a 6 


2129 c 8 197 c 10 \ 

+ 3136 X 180 a 8 + 1960 X 3456 a 10 ) 




where r 2 — s 2 6 2 and a — 3^ d = the mean radius of the coil. 
N is the number of turns in each coil. The two coils are 
alike and placed as in Fig 1. 

The dimensions are assumed to be given in inches; if they are 
given in centimeters, the factor 0.3937 should be omitted. In 
measuring the coil, each dimension should be taken as the 
number of wires or cables in that dimension times their pitch. 
The actual measured dimension over the copper should not be 
used, as it is slightly too small. 

It will be noted that formula (1) is indeterminate when 6 = 0 
and therefore r . = s. For such a case, the following formula 
should be used: 


M 


7 r 2 a 4 N 2 


0.3937 s 3 10 9 




9 d : 


[(- 


6 a s 




144a 4 


) 


13 


240 a 4 


+ 


960 a 6 


) 



DWIGHT: FORMULAS FOR REACTANCE COILS 1677 

, 375 a* l \ , 17 c 2 169 e 4 41 c 6 
+ W s* \ 1 + 15 a 2 + 600 a 4 ^ 2800 a 6 

113 c * \ 

+ 672,000 a 8 / 

, 8575 a 6 / 1 , 155 c 2 2167 c 4 541 c 6 

+ W V~V 1 + 84 a 2 2520 a 4 ^ 4704 a 6 

2129 c 8 197 \ 1 

+ 3186 X 180 a 8 + 1960 X 3456 a ] ° ) ^ J 

( 2 ) 



Fig. 1—Mutual Inductance of Reactance Coils with Parallel 

Axes 

This gives the mutual inductance of two flat disks in the same 
plane. 

An approximate formula for the mutual inductance of two 
reactance coils with parallel axes has been previously published 
by the writer.* This was derived by making a certain distor¬ 
tion of one of the coils which, as was stated, tended to make 
the result slightly too small. The results of this formula for 
one shape of coil are shown in Curve II, Fig. 2. In order to 
show that the results were accurate enough for engineering 

*“Repulsion and Mutual Inductance of Reactors”, by H. B. Dwight, 
The Electrical World , p. 1148, June 16, 1917. 
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work, another formula was derived using a greater distortion 
which tended to make the results distinctly too large, as shown 
in Curve III. It is interesting to note that Curve I, which 
shows the result of the formula now given, lies just a little 
above Curve II. 

The new formula is more convenient to use than the older 
approximate formula, and gives more accurate results for any 
given position of the coils. Neither formula is very convergent 
for s/d less than about 1.2. 

The case outlined in Fig. 1, in which the two coils with 
parallel axes are alike and stand on the same plane, is the 
simplest for calculation. However, if the coils have parallel 
axes and are alike, and one stands on a plane a distance e 



Fig. 2—Comparison with Approximate Curves 


higher than the other, the formula for their mutual inductance 
is not very complicated. It is as follows: 

M, in henrys, 


ir 2 N 2 


0.3937 ¥ X 10 9 


( 


1 + 


6 a 2 




144 a 4 


H 

)- 


i_ 

v 


— + —) 
q r ) 


a' 


pi 


2_ 
Q 3 




1 



) 




7 

12 a 2 



13 c 4 
240 a 4 


c 6 \ 
960 a 6 / 
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1 


) 






17 

15 a 2 


169 c 4 41 c 6 113 c 8 \ 
600 a 4 + 2800 a 6 + 672,000 ~aF~) 




189 s 4 / 1 

8 \ p 11 



231s 6 / 
16 V 



( 


1 



155 

84 




2167 c 4 541 c 6 2129 c 8 

2520 a 4 + 4704 a 6 + 3136 X 180 a 8 


, 197 c 10 \ , A 1 

+ 1960 X 3456 a 10 / + etc ’ J (3) 

i 

where p 2 = s 2 + (6 — e) 2 

-2- g2 _j_ ^2 

and r 2 = s 2 + (6 + e) 2 

This formula includes the case of two coaxial coils, when the 
coils are not near to each other. When the coils are coaxial, 
the mutual inductance is opposite in sign to the value when the 
coils are side by side. There is a position, when two coils with 
parallel axes are diagonally from each other, for which the 
mutual inductance is zero. 

The formula for the mutual inductance of two unequal coils 
with parallel axes, in any relative position, is similar to the 
above, but is, of course, more complicated. 

Example I. Find the voltage drop due to mutual inductance 
in each of three coils placed side by side in a row, and carrying 
three-phase, 60-cycle current, 400 amperes per phase, the data 
being as follows:— 

Mean radius of coils = 12.76 inches. 

Length of coils = 6 = 30.87 “ 

Thickness of winding = c = 4.87 “ 

Number of turns = N = 114 

Distance between centers = 45 inches. 
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Let the three coils in a row be called A, B and C. For A 
and B, s = 45 inches. 

M ae = 0.00142 (0.0508 + 0.0061 + 0.0007 + 0.00008) 

= 8.2 X 10 -5 henry. 


or using Fig. 1, 


and 


s 


d 

b 

d 


45 

25.52 

30.87 

25.52 


1.76 

1.21 


M ab = 0.25 X 10- 9 X 114 2 X 25.52 = 8.3 X 10~ 6 henry. 



Fio. 3 —Mechanical Force Between Reactance Coils with Parallel 

Axes 

Average force in pounds =* F (from curves) Ji.WV 2 cos 6 where N is the number of turns 
m each coil and where 6 is the phase angle between 1 1 and 1 2 which are in amperes. 


Using a spacing s = 90 inches 
M ac = 1.1 X 10~ 5 henry. 

Let the currents in the three coils A, B and C, which are 
120 deg. apart in phase, be 

Ia = 400 _amperes 

Ib = — 200 + j 200 V_3_amperes 
and Ic = — 200 — j 200 V 3 amperes 

The drop in A due to mutual inductance is 
2 7T X 60i (Ib M ab + Ic M ac ) - - 9.3 - j 7.0 volts. 
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The drop in B due to mutual inductance is 
2 7T X 60 j (IA Mas + Ic Mnc ) = 10.7 + j 6.2 volts. 

The drop in C due to mutual inductance is 
2 7T X 60 j (I A Mac + In Mbc ) = 10.7 — / 4.5 volts. 

Part II —Repulsion of Coils with Parallel Axes 
The formula for calculating the mechanical force exerted 
between two equal reactance coils placed in the usual way, 
side by side with parallel axes, may be derived by differentia¬ 
ting the expression for the mutual inductance of the coils in the 
same position. Curves are given in Fig. 3 which should be 
more convenient in most cases than the formula, for solving 
problems. 

The differential with respect to s of formula (1) for mutual 
inductance, using absolute units, is equal to the mechanical 
force in dynes between the coils when one absampere is flowing 
in each coil, the currents being in phase. Changing the units, 
this gives the force in pounds for one ampere turn, which is 
equal to: • 

F, in pounds, 

2 7r 2 a 2 r a 2 / r 2 s W i i — + - \ 

~ 4.45 X 10 7 ¥ L r 2 \ s 2 r / \ ^ 6 a 2 ^ 144 a 4 / 

,11/ 4 s 5 s 3 r 4 \ 

+ 4 r 4 \ r r 3 + s 4 / 



7 c 2 
12 a 2 


13 c 4 
+ 240 a 4 


^ 960 a 8 / 


75_ a6 / 8 s _ 28 s 3 21 s 6 _ r 6 \ 
64 r 6 \ r r 3 r 5 s 6 ) 


( 1 + 1L^L + 169 Jl 

V 15 a 2 ^ 600 a 4 

245 a 8 / 32 s 216 s 3 

+ 256 r 8 V r r 3 

155 c 2 2167 c 4 
84 a 2 + 2520 a 4 

+ 



,JL^ + -li 3 _ c —) 

+ 2800 a 6 ^ 672,000 a 8 J 

, 396 s 6 429 s 7 ,5. r 8 \ 
' ^5 2 T 7 ' 2 S 8 / 


541 c 6 
+ 4704 a 6 

197 c 


+ 

10 


2129 c 8 
3136 X 180 a 8 

) + etc. J (4) 


1960 X 3456 a 10 
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where r 2 = s 2 + 5 2 and a = Yi d = the mean radius of the 
coil. The dimensions may be given in either inches or centi¬ 
meters, since only ratios of dimensions appear. 

It results therefore, that if all the dimensions, including 
spacing, of a group of coils be increased by a certain ratio, but 
the currents be left the same, the mechanical force in pounds 
is not changed at all. However, large coils are generally 
subject to large forces, since they carry proportionately large 
currents. 

When different alternating currents h and I 2 , at a phase 
angle 6, flow in the two coils, the average force in pounds is 

FI 1 1 2 N 2 cosd 


where h and J 2 are the effective values of the currents in 
amperes and where N is the number of turns in each coil. 

As in the case of the expression for mutual inductance, 
formula (4) becomes indeterminate when 6 = 0 and therefore 
r — s. In such a case, which is that of two flat disks in the 
same plane, the following formula may be used: 


F, in pounds, 


_ ZJEL?l |7 1 | c 2 c 4 \ 

4.45 X 10 7 s 4 L V 6 a 2 " l_ 144 a* ) 


+ 

+ 


4 s 2 V + 12 a ! + 240 a 4 + 960 a« ) 

875 _aS_ / JL7_ c 2 169 c 4 41 c 6 
64 s 4 V ^ 15 a 2 ' 600 a 4 + 2800" "a« 


. 113 c 8 \ 

+ 672,000 a 8 / 

-i- 25 ’ 725 g6 / •> , 155 c 2 2167 c 4 , 541 c 8 

512 s 8 V 1 + ' 84 a 2 + 2520 ~a? + 4704 ~aF 

4 - 2129 , 197 c 10 \ 1 

3136 X 180 a 8 + 1960 X 3456 1™ ) + etc ' J 

( 5 ) 

The mechanical force between two coils side bv side with 
parallel axes is a repulsion when the currents flow in the same 
direction around both coils, and it is an attraction when the 
currents are in opposite directions. 

The value of force as calculated above is the average force. 



DWIGHT: FORMULAS FOR REACTANCE COILS 1683 


that is, the effective steady sustained pressure, due to alterna¬ 
ting current. It is the same in value as the force due to direct 
current. At the peak of the alternating-current wave, when 
the currents are in phase, the force rises to double the above 
value, and it becomes zero when the momentary current 
becomes zero. 

A comparison is shown in Fig. 4 between calculated values 
and a test curve.* The approximate data for the test curve 
are given in example II. 

The approximate formula previously published by the author 
in the Electrical World of June 16,1917, gives results which are 
slightly less than those of formula (4) which are more accurate. 
The curves have practically the same relative position as in 
Fig. 2. 

Example II —Find the average mechanical force acting on 
each of two coils carrying single-phase currents which are in 
phase, the conditions being as follows: 

Mean radius of coils =a = 12.76 inches. 

Length of coils =6 = 30.87 “ 

Thickness of winding = c = 4.87 “ 

Number of turns = N = 114 

Current in amperes = h = J 2 = 400 amperes. 

The coils are placed side by side, with the parallel axes 45 
inches apart. 

Force = 158 (0.0362 + 0.0065 + 0.0010 + 0.0001) 

= 6.89 pounds. 

Using the curves of Fig. 3, 



30.87 

25.52 


1.21, and 



45 

25.52 


= 1.76 


Force = 3.3 X 10-~ 9 X 400 2 X 114 2 = 6.8 pounds. 

Example III. Find the average mechanical force on each of 
three coils of the same size and spacing as those in Example II, 
placed side by side in a row, and carrying three-phase current, 
400 amperes per phase. In determining the average mechanical 
forces due to three-phase currents, the forces due to the pro¬ 
ducts of the instantaneous values of two alternating currents, 
which are 120 deg. out of phase, are calculated in the same way 
as the watts due to the products of the instantaneous values of 

*The test curve was published in an artiele on The Mechanical 
Stresses in Reactance Coils” by W. M. Dann, The Electric Journal, page 
206, April 1914. 
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an alternating current and an alternating voltage which are 
out of phase. 

Let the three coils in a row be called A, B, and C. The 
currents in them are 120 deg. apart, in phase. The average 
force on A caused by I B is 

6.89 cos 120 deg. = 3.44 pounds, 
the calculation being similar to Example II. 

To find the force on A caused by I c , formula (4) is used, the 
axial spacing being 90 in. The average force on A caused by 
I c is 

0.50 cos 120 deg. =0.25 pounds. 

This is to be added to the force caused by J B , making a total 
average force on A of 3.69 pounds, tending to move it toward 
the center coil. Coil C is also under an average attraction of 



tion with Test Coil 


* 

3.69 pounds. Coil B is attracted by both A and C, and 
although there is a momentary force first in one direction and 
then in the other, the average force on B is zero. 

Since the above forces increase as the square of the current 
they attain large values at times of short circuit. 

Part III Self-Inductance of Long Reactance Coils 

Reactance coils, as generally manufactured, are cylindrical 
in shape and have an axial length practically as long as, or 
longer than, their mean diameter. The radial thickness of the 
winding is usually considerable. The self-inductance of a thick 
coil with usual radial thickness of winding, may be as much as 
15 per cent less than the self-inductance, L S} of a very thin 
solenoid of the same mean diameter. The self-inductance of 
the abo've described thick coils may be calculated very precisely 
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by formula (13) given below, which may be used to a fair degree 
of approximation for coils somewhat shorter than their mean 
diameter. Curves are given in Figs. 6 and 7 from which 
readings may be taken which will be correct within about one 
per cent for most shapes of reactance coils. 

An alternative method for determining the self-inductance of 
a cylindrical coil is to obtain the value of L s from Table XXI, 
Scientific Paper No. 169 of the Bureau of Standards, and 
obtain the correction for the thickness of the coils from Dr. 
E. B. Rosa’s equations (91) and (93) and Tables IX and X of 
the same paper. This method is especially useful for coils just 
shorter than their mean diameter, since other formulas are 
then not very convergent. 

As indicated in Fig. 5, all the dimensions of a coil should be 
measured to the pitch lines of the conductors. Thus the length 
of the coil should be taken as the number of conductors per 
layer multiplied by the pitch of the conductors. The exact 
dimensions over the copper are slightly too small and should 
not be used. 

In order to obtain an expression for the self-inductance of a 
thick cylindrical coil, it is first necessary to know the mutual 
inductance of two coaxial and concentric thin solenoids of 
equal length. For long solenoids this has been given in a 
useful form by T. H. Havelock.* 

By using the form in elliptic integrals given in equation ( 4 ) 
of Havelock’s paper in the Philosophical Magazine, and by 
changing to the dimensions shown in Fig. 5, the expression for 
mutual inductance becomes: 


M= ^^\b-^~{(D 2 + d 2 )E-(D 2 -d 2 )F} 


{ 1 

D 

1 

/-i , d 2 ^ 

i D 3 

i 8 

b 

+ 128 1 

( 1 + D 2 . ) 

' b 3 


)24 V 1 + d D 2 + D i ) V 


+ 'Jr( 1 + 6 4r+ 6 


d A 




d G 


D A D 6 



abhenrys. ( 6 ) 

*The Philosophical Magazine, March 1908, Page 340, equation 25: 
and Bulletin of the Bureau of Standards, Vol. 8, No. 1, 1911. Page 56 


equation. 38. 
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where d and D are the diameters of the two thin solenoids, 
where N is the number of turns on each solenoid, and where F 
and E are complete elliptic integrals of the first and second 
kinds, to modulus d/D. 

The two elliptic integrals can be expanded in terms of the 
complementary modulus k' as follows:* 

E - i + 4 (:logh A _ ^r) 



F = logh ~ + -^-£ /2 (logh ~ - -yy) 



where k' = VI — k 2 = VI — d 2 /D 2 

The expression for mutual inductance can now be integrated 
twice over the section of the thick coil indicated in Fig. 5, and 
the following formula for the self-inductance of a long thick 
coil is obtained: 


L = L. + A L 
where L s , in henrys, 


t r 2 d 2 N 2 r 4 d 

0.3937 X 10 9 b I. 1 S ir b 


i _1_ jF_ __ 1 d i 5 d e 

8 b 2 64 b 4 + 1024 ~b* ~ ' ' ' 

and where A L, in henrys, 


7 r 2 d 2 N 2 
0.3937 X 10 9 b 


2 _ c _i c 2 

3 d + 3 d 2 



4 d j 

3 ir b { 




1 c 4 
80 ~¥ 



( 9 ) 



* Bulletin of the Bureau of Standards, Vol. 8, No. 1, by E. B. Rosa and 
* * W. Grover, equation 3, page 8. 
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, c 2 ( 1 d? 7 d 4 i 7 ,j-6 

+ d? ( 12 ¥ 192 ¥ + 768 ¥ 

775 d s ) 

32 X 1536 ¥ + • • ' j 

c 4 ( 1 d 2 13 d 4 169 d s 

+ d 4 j 72 ¥ 960 ¥ + 7680 ¥ 

2167 d 8 , ) 

~ 32 X 2304 6 s + • • ‘ \ + ‘ ' 

+ -- 2 j ir r - ( logh — +0.14)1 (10) 

In the above formulas, iV is the number of turns of effective 
conductor in the coil, q is the number of wires or cables in 
parallel, and the dimensions are in inches. If the dimensions 
are in centimeters, the factor 0.3937 should be omitted, and if 
the inductance is to be given in abhenrys instead of henrys the 
factor 10 9 should be omitted. Note that 

logh m = the hyperbolic or natural logarithm of m 

= 2.3026 logiom. 

The quantity L s is the self-inductance of an infinitely thin 
solenoid of diameter d . Formula (9) is the same as (79), 
Bulletin of the Bureau of Standards, Vol. 8 , No. 1 or ( 21 A), 
Scientific Paper No. 320 of the Bureau of Standards. The 
general term of the series may be obtained from either of these 
references. There are other formulas (See 11) which are more 
convergent than ( 9 ) . The value of L a may also be accurately 
and conveniently found from Table XXI Bulletin of the 

Bureau of Standards, Vol. 8 , No. 1. 

The quantity A L, given by ( 10 ), is the change in the induct¬ 
ance due to the radial thickness of the winding. Formula ( 10 ) 
should not be used for practical problems, because formula (13) 
to be given later, is more convergent, and therefore more 
convenient and accurate, for any coil with which ( 10 ) can be 
used. Formula ( 10 ) was published by the author in the 
Electrical World , Feb. 9, 1918, page 300. It gives the same 

2167 d 8 

result, except for the term 32 x 2304 "p ’ as a met ^ 0< ^ P u ^‘ 
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lished by S. Butterworth in the Proceedings of the Physical 
Society of London, Vol. 27, 1915, page 371. 

It is assumed that the coil is wound with round wire or 
cable. T'he last term of ( 10 ) represents the effect of the air 
space between the wires. 

A very convergent formula for the self-inductance of an 
infinitely thin solenoid which has not been previously pub¬ 
lished, may be derived directly from (36) or (39), Bulletin of 
the Bureau of Standards, Vol. 8 , No. 1, by making the dimen¬ 
sions of the two solenoids equal, thus obtaining the self¬ 
inductance of one solenoid instead of the mutual inductance 
of two. Both (36) and (39) give the same result: 


L s , in henrys, = 


7T 2 d 2 N 2 

0.3937 X 10 9 & 



8 

3 T 


TO 5 

1 Tc~ 
10 


15. 7 , 21 0 

128 m + 128 m 


315 ,, 

1024 m 


+ 


TO 2 = 


297 

512 


d 2 


■m 


13 


39,039 

32,768 


m u _j_ 




( 11 ) 


where „„ - „ , , 7o 

d 2 + 4 b 2 

This is much more convergent than (9). It is somewhat 
more convergent than (20 A), Scientific Paper No. 320 of the 

d 2 


Bureau of Standards, since m 2 = 


d 2 + 4 b 2 


is smaller than 


k 2 


d 2 


' d 2 + b 2 ' — d, -9 terms of (11) give six significant 

figures, but 13 terms of (20 A) are required to give this result. 

Formula ( 11 ) need not necessarily be used for obtaining the 
value of L„ because formulas (76), ( 77 ), and (78), Bulletin of 
e ureau of Standards, Vol. 8 , No. 1 , are extremely conver¬ 
gent, andvery accurate values of L s can also be easily obtained 
from Table XXI of the same Bulletin. 

Series in m for .thick coils can be derived (see formula 13) 
which are similar to those in d/b of formula (10), but which are 
much more convergent than they are, and which therefore 
supersede them for practical calculations. These series in m 
have pot been previously published. The series in m will give 
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5 or 6 significant figures for the self nductance of a thick 
cylindrical coil whose length is as short as its diameter, but 
formula ( 10 ) is not nearly so accurate for such a short coil 
That the two formulas ( 10 ) and (13) are equivalent may be 
shown by the fact that they give the same results for any 
problem for which they are both convergent. It is also proved 
by expanding the terms of one formula by the binomial theorem, 
and this is found to produce the other formula. The derivation 
of (13) is as follows. 

It is first necessary to establish a proposition regarding the 
mutual inductance of two solenoids, similar to Maxwell’s 
proposition regarding two coils, in paragraph 700 of “Elec¬ 
tricity and Magnetism”.* In the same manner as in the 
paragraph referred to, it may be shown that, if M s is the mutual 
inductance of the central solenoids of two cylindrical coils of 
mean radii a x and a 2 and of thicknesses of winding c, and c 2 , 
then the mutual inductance of the two thick coils is" 



d 2 M s c 2 2 b 2 Af s 

da x 2 + 2 2 /3 d a 2 2 


Cx 4 b 4 M s Cx 2 c 2 2 b 4 M s c 2 4 b 4 M s 

+ 2 4 /5 ba, 4 + 2 4 /3 /3 b ax 2 b a 2 2 ■ 2 4 /5 b a 2 

Cx 8 b 6 M s Cx 4 c 2 2 d 6 M s 

+ 2 6 /7 b ax 8 + 2 8 /3 /5 b a x 4 b a 2 2 


Cx 2 c 2 4 b 6 Ms c 2 « b 8 M s 

+ 2 8 /3 /5_ b ax 2 b a 2 4 + 2 6 /7 ba 2 8 + - " 

( 12 ) 

This formula is most accurate for coils that are far apart, and 
it does not give good results for coils that are close together. 
It may be useful for giving extensions to present formulas for 
mutual inductance of solenoids. 

If formula (17), Bulletin of the Bureau of Standards Vol. 8 , 
No. 1, for the mutual inductance of two circles far apart, be 
integrated to give tlie mutual inductance of two coaxial sole¬ 
noids whose centers are far apart measured along the axis, 
terms are obtained which are of the same' form as the second 
half of formula (38) of the above bulletin, which forms a series 

*See also Scientific Paper No. 169 of the Bureau of Standards by E. B. 
Rosa and F. W. Grover, page 33. 
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in A/l. See formula (3) when s = 0. Now proposition ( 12 ) 
gives exactly the effect of the thicknesses Ci and c 2 of the coils 
for the formula for coils far apart, and it is to be expected that 
it will give the effect of c x and c 2 for the same terms which 
appear in the last half of (38, Bulletin, Vol. 8, No. 1). 

This is found to be the case, and the series in e 2 and c 4 in the 
last half of (10), can be derived by means of (12). The latter 
method is much easier than the method of straight integration 
of (38, Bulletin Vol. 8, No. 1), since differentiation is in general 
a simpler process than integration, and fewer and smaller 
terms are required to be handled. 

Now it is noticeable that formula (36) of the Bulletin, Vol. 8, 
No. 1, contains the first line of (38) of the same bulletin. 
Therefore the terms in A/r of (36, Vol. 8, No. 1), give the same 
total result as the terms in A/l of (38, Vol. 8, No. 1). This 
may be proved definitely by expanding one set of terms by the 
binomial theorem, and they are found to produce the other set. 
Therefore, since proposition (12) applies to the terms in A/l of 
(38 Vol. 8, No. 1), it applies to the terms in A/r of (36, Vol. 8, 
No. 1). A similar statement applies to (39, Vol. 8, No. 1) 
since that formula is the same as (36, Vol. 8, No. 1) when the 
two solenoids are of equal length. 

The differentiation of (36) or (39) (Vol. 8, No. 1), is not 

difficult, and then proposition (12) can be applied. It is found 

by expanding some of the terms by the binomial theorem that 
when A = a 

d 2 M _ d 2 M 
d A 2 daT 

as would be expected, and this produces a certain simplification 

m the senes.. Terms from formula (10) extended are then 

1 ^ uded , 0 t ° th ; e f ffect of integrating the terms in a/A of 

. 1 !° r . ^ J (Vol. 8, No. 1), and the following complete result 

is obtained: 


A L, in henrys 


it 2 d 2 N 2 
0.3937 X lOH 



2_ _c 
3 . d 


1 c 2 
3 d 2 



Ad 


i J_'Jl 

\ 4 d 2 


( 


logh 


4 d 




1 C/_ 

80 d* 


3 7T b 


c 
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(logh 


4d 


20 


1 e 6 / 23 I , 4 d 
896 d « (“20 0gh ~~c 


4547 

5600 


+ 4x 4 


d 2 


m 

T 


5 , , m 5 

+ — 


24 


95 

128 


m 7 + 




217 

128 


■TO* 


2135 , 11 x 1961 „ 

w m + - '2 048 • m 


13 X 68,915 ,, 

___ ryy\ 10 

32,768 


+ • • • 


, c 4 w d ( 

m 

17 


+ d< x b \ 

36 

180 

•* 

-m 3 ' + 

. . 38,857 


3913 


”' + 4608 

■ TO 9 — • 

128 

m 11 + 


, 1265 

96 m ° 576 

231 X 9551 


20,480 

143 X 10,625 
4096 


TO 


13 


TO 15 + 


+ 4-x d 


m c 


d 6 


120 


+ 


15 

112 


TO* 


1117 . , 1183 , 

- TO 7 H-™-TO 9 


672 


96 


21 X 3641 „ , 11 X 367,621 „ 

-TO 11 H - TTTTT+ - TO 13 




1024 

143 X 109,353 
8192 

2b 

t q d N 


10,240 


TO 15 + . . 


(logh+ 0.14)] 


where 


to 2 — 


w 

d 2 


( 13 ) 


d 2 + 4 ¥ 


This formula is to be used in conjunction with (8). It 
should be used instead of ( 10 ) for practical problems, since it 
is more convenient and accurate. It appears longer than ( 10 ), 
but that is merely because more terms have been worked out. 
In reality, fewer terms of ( 13 ), than of ( 10 ), are needed to 
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obtain the self-inductance of a given coil to a certain number 
of significant figures. The terms which are not needed can 
easily be neglected. For most coils made, the terms in c e /d 6 
will be found to be practically negligible, even for precision 
work. 

The last term of formula (13) represents the effect of the 
air and insulation space between the conductors. It is ass um ed 
that the coil is wound with round wire or cable. If square 
wire is used, the constant 0.14 in the last term should be 
omitted. Therefore, for uniform current distribution over the 



Fig. 6 Self-Inductance of Short Reactance Coils 


section of the coil, as, for example, with square wire with 
infinitely thin insulation, the last term becomes zero. For 
precise work, the constant 0.14, which is an average value, 
should be changed in accordance with Dr. E. B. Rosa’s results 
for various shapes of coils, given in the Bulletin of the Bureau 
of Standards, Vol. 3, 1907, page 37, and Vol. 8, No. 1, 1911 


A set of curves showing the self-inductance of cylindrical 
coils of various shapes, is given in Figs. 6 and 7. This should 



precise accuracy 
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is not required. The curves can give quicker and more accurate 
results for many cases than most approximate formulas. 

The values of inductance of long coils in which c is almost as 
great as d, were calculated by a formula derived by the writer.* 
The values of inductance of coils considerably shorter than 
their mean diameter were derived from Tables C and D, by 
Prof. T. R. Lyle, Scientific Paper No. 320 of the Bureau of 
Standards, pages 569 and 570. 

Example IV. To find the self-inductance of a coil wound 
with 1000 turns of round wire in 10 layers of 100 turns each. 


24-x/O' 9 


22x10' 


Lb 


20xlO~ $ 


18x/0~ 9 


IGxlO " 9 




/,Zx/O~ B 


/Ox ID" 9 





* Ratio 5 


Fig.7 7—Self-Inductance of^Long Reactance Coils 


The diameter of the insulated wire is p = 0.1 cm. and the 
diameter of the bare wire is w = 0.08 cm. The mean diameter 
of the coil is d = 10 cm., the length is b = 10 cm., and the 
thickness is c = 1 cm. (Example I, Bulletin of the Bureau of 
Standards Vol. 4, No. 3, page 374.) 


By formula (11), 




♦Formula (5), “Self Inductance of Long Reactance Coils”, by H. B. 
Dwight, The Electrical World, Feb. 9, 1918, page 300. 
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and L„ in henrys, = x 10 X N 2 


10 9 


[1.118034 - 0.424413 


0.005590 + 0.000559 - 0.000210 + 0.000059 
0.000022 + 0.000008 — 0.000003 ] 


7T 2 X 10 x N 2 
K ) 9 


X 0.688422 


Table XXI, Scientific Paper No. 169, of the Bureau of Stand¬ 
ards, gives 


TT 2 X 10 X N 2 


10 9 


= 0.688423 


By formula (13), 


_ TT 2 X 10 X N 2 „ 

109- [ - 0.066667 + 0.003333 

0.000002 + {0.000745 - 0.000186 
0.000026 + 0.000012 - 0.000006 
0.000002} + {0.0000012- 0.0000008 
0.0000008 + 0.0000006- 0.0000004 
0.0000002} + 0.000231] 

Therefore, AL = -^ x 0 . 060624 hemy _ 


By (8), L - L s + AL = -—-X 0.627798 = 0.061961 


+ 0.001880 - 
+ 0.000060 - 
+ 0.000003 - 
+ 0.0000010 - 
+ 0.0000003 - 


% 


The value given by (9) and (10) is 0.06194 henry. 

Vol. 4 v 0 Ue q S p en m J he Bulletin of the Bureau of Standard, 
less than iW ’ pa ° e * s 0-061865 henry, which ' 

(13) h ^b Jr °l per cent different from the value given b 
Dr F I R r, in the above bulIetin was obtained b 

B^eau o/s^LT ^ (91) , Sdentific Paper No ‘ 169 ’ of th 

m-eau of Standards. This formula has the ad van taw +h* 
it is equally applicable to coils of all lengths whereas (13) i 

sr nTcrgent ' howCTer -« is »* 
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Example V. Find the self-inductance of a coil of square 
wire with very thin insulation in which 

b 0 c 1 , 7T 2 N 2 d? . , - 

^ ^ and. g ^2 — 10® abhenrys. 

(Example 9, Scientific Paper No. 320 of the Bureau of Stand¬ 
ards, page 559). 

By formula (11), 

71*2 ( n A/ 2 

L s = V [1 • 0307764 - 0.2122066 - 0.0004458 
+ 0.0000131 - 0.0000015 + 0.0000001] 

= — J — X 0.8181357 

Table XXI, Scientific Paper No. 169 of the Bureau of Stand¬ 
ards, gives 

71-2 //2 A72 

j = LIL, x 0.818136 
0 

By formula (13), 

A L = lA^LE L [ _ 0.066667 + 0.003333 + 0.000940 

- 0.000001 + {0.000202 - 0.000015 + 0.000001} 

+ {0.0000003} ] 

A L = — — x 0.062205 abhenrys. 

b 

A L = — 0.995286 millihenry. 

The value given by formula (29 A), Scientific Paper No. 320 of 
the Bureau of Standards, is 
A L = — 0.99526 millihenry. 

Example VI. A problem relating to a coil which is more 
similar to usual current-limiting reactors may be of interest. 
Find the self-inductance of a coil of mean diameter d = 50 
inches, wound with 10 layers of cable, 75 turns per layer, two 
cables in parallel. The diameter of the cable is w — 0.5 in., 
and the distance from center to center of cables is p = 1 in. 
Therefore, 

b = 75 in, c = 10 in., q = 2, and N = 375. 
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By formula (11), 
L s , in henrys, = 


7T 2 X 50 2 X 375 2 50 0 fioo 

0.3937 X 10 9 X 75 x 150 1 


0.8488 - 0.0040 + 0.0002] 


7T 2 X 50 2 X 375 2 
0.3937 X 10 9 X 75 


X 0.7699 


By formula (13), 


A T _ 7r 2 X 50 2 X 375 2 r 

0.3937 X 10 9 X 75 X 1 


0.1333 + 0.0133 


+ 0.0031 + {0.0014- 0.0002} + 0.0011] 


Therefore, L 


-7T 2 v ^O 2 v ^7^ 2 

W x ira X ^0.7699 — 0.1146] 


= 0.07700 henry. 

The result, when calculated by ( 9 ) and ( 10 ) is the same. 




Presented by publication only. 


Copyright 1919. By A. I. E. E. 


INHERENT LIMITATIONS ON TRANSFORMATIONS 
POSSIBLE BY STATIONARY APPARATUS 


BY JOSEPH SLEPIAN 


Abstract op Paper 

Expressions for electrostatic and electromagnetic energies, 
Joulian heat dissipation and power are given in complex quan¬ 
tities. The pure imaginary part of the expression for power in a 
static network is shown to be equal to 2 w times the difference 
between the mean electromagnetic energy and mean electro¬ 
static energy. Use is made of this new principle in considering 
the problems of power-factor correction and phase splitting. It 
is shown that in general for phase transforming by static appa¬ 
ratus both magnetic and electrostatic storage of energy are 
necessary, and it is shown how the minimum amounts of each 
are determined by the load. 

The symmetry of the coefficients in the general equations for 
the steady state in a static network is demonstrated, and it is 
shown that limitations upon voltage and current transforma¬ 
tions follow. The voltage regulation of any phase-splitting 
arrangement is considered. 


C ONTINUED failures in attempts to construct networks 
of stationary apparatus, which shall have certain charac¬ 
teristics, lead to the conviction that such characteristics are 
unattainable by static means. Examples are power-factor 
correction without condensers, single-phase to balanced poly¬ 
phase transformations by condensers only or inductances only, 
or single-phase to polyphase transformations with inherent 
regulation for variable load. However convincing such 
failures may be, it is always satisfying to obtain general 
demonstrations of the impossibility of attainment of the 
characteristics desired, especially as the demonstrations 
generally reveal what characteristics can be obtained. 

Considering the requirements of energy storage in the trans¬ 
forming apparatus, the problems mentioned above fall into 
two classes. In the problem of balanced power-factor correction, 
the instantaneous power drawn from any one phase is exactly 
equal to the instantaneous power supplied to the other phases. 
The instantaneous power supplied to the power-factor correct¬ 
ing apparatus is always zero. Hence there is no a 'priori reason 
for supposing a relation between the wattless power supplied 
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by the apparatus and the electromagnetic energy stored up in 
the apparatus. In fact, there is no such relation when rotating 
machines are considered. The wattless power supplied by a 
synchronous condenser may be varied over a wide range with¬ 
out changing the kinetic energy or magnetic energy as deter¬ 
mined by the flux, which is stored in the machine. For purely 
static apparatus, however, such a relation does exist as is 
shown in III. Even when the wattless power it supplies is 
balanced, a static network must have a minimum of energy 
storage, and this minimum varies with the magnitude of the 
wattless load. 

In the problem of transformation from single phase to 
balanced polyphase, there is an obvious requirement for energy 
storage irrespective of the character of the transforming appa¬ 
ratus. The power supplied by the single-phase line has a 
double-frequency component and is pulsating. The power 
drawn by the balanced polyphase load, however, is continuous. 
Hence it is clear that the transforming apparatus must store 
up energy while the single-phase power is at its maximum, to 
be given out again while the single-phase power is at its mini¬ 
mum. This clearly calls for momentary energy storage, and 
therefore for a minimum mean energy storage dependent on 
the load. In rotating phase-converters, such as are in general 
use, the pulsations are in the kinetic energy of the rotor. The 
mean kinetic energy on the rotor is in general far in excess of 
the minimum mean energy called for by the nature of the 
transformation. This is because the heating limitations upon 
transforming electrical energy into mechanical are what 
determine the size of the rotor^rather than the energy consider¬ 
ations. . If the heating limitations could be removed, the most 
economical rotating phase converter would be one in which the 
rotor would come to rest twice per cycle, and where the maxi¬ 
mum velocity of the rotor would vary with the load. It is 
remarkab e that networks of static apparatus can be devised 
which will effect the phase transformation with the minimum 
amount of energy storage called for above, provided that the 
polyphase power factor exceeds 0.707. This is shown in 
section 3. In such networks the condensers are without 

~f®’ T d the reactors without flux simultaneously twice 
every cycle. 


tn all which foUows, by static network is meant a network 
crastmeted ot self and mntnal inductors, condensers and 
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I. Power and Energy 

Power and energy in an alternating-current circuit are 
periodic and may be expanded into a Fourier series. If har¬ 
monics of current and voltage are absent, these Fourier develop¬ 
ments consist only of two terms, a constant and a double¬ 
frequency term. The constant may in particular be zero. 
Thus strictly speaking, it is erroneous to speak of power and 
energy as double-frequency quantities. Actually they consist 
respectively of two components, one of zero frequency and one 
of double frequency. These two components are easily 
expressed in terms of complex voltage and current. 

If E — ei + j 6 2 , a complex quantity, denotes an alternating 
e. m. f. in the usual way, the instantaneous e. m. f., e, is given 
by ^ 

e = Real part of (V2 E &°> l ) = V2/2 ( E + E e~^ 1 ) 

where E = — j e 2 is the complex number conjugate to E, 

that is having the same real part but with pure imaginary part 
of opposite sign. 

Similarly, if I denotes an alternating current, its instan- 

& 

taneous value i is given by: 

i = real part of (y/2 I = V2/2 (I + 1 e - -?"' ) 

The instantaneous power p is given by the product of the 
instantaneous e. m. f. and the instantaneous current. Thus: 

p = 1/2 (E e*"‘ + E €-*>') (I e*“ + I 
= 1/2 (El + E I e ycoi +£I + £l 
= real part of (E 1 + EI e-i wt ) 

Thus the instantaneous power consists of a constant component, 
real part of E 1, and a double-frequency component, real part 

of E I & at . 

In the complex plane, the quantity El + EI is repre¬ 
sented by a point describing synchronously the perimeter of a 
circle whose center is the point E 1, and whose radius is the 
absolute value of E I. Since El and El have the same 
absolute values, the circle passes through the origin. 

It becomes clear at once from Fig. 1 that when E 1 is real 
and positive, the circle lies entirely to the right of the j axis, 
so that the power is always positive; when El is pure imagi¬ 
nary, the circle has the j axis for a diameter so. that the power 
is positive and negative respectively, half the time. 
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By the angle of a vector in the complex plane is meant the 
angle which it makes with the real axis. In Fig. 1, 6 is the 
angle of E I. The angle of the product of two vectors is the 
sum of the angles of the two vectors respectively. The angle 
of the conjugate of a vector is the negative of the angle of the 
vector. Hence, the angle of E I being the difference between 
angle of E and angle of I, is the angle of lag of I behind E. 
Hence: 

cos 6 = power factor. 

+ „„ a _ Pure imaginary part of El 

Real part of El 

In any balanced polyphase system, the e. m. fs. in the 
successive phases are given by E, a E, a 2 E, .a” -1 E, 



where a is a primitive complex wth root of unity. If n = 3, 
a = 1/2 -f- j V3/2. 

It is readily seen that a is conjugate to a"- 1 , a 2 is conjugate 
to a n ~ 2 j etc. 


. ^ Phases are carrying balanced currents, they will be 
given by I, a I, a 2 1, . . . a*- 1 1. 

To obtain the power we need the conjugates of the preceding 
quan lties, and since the conjugate of a product is the product 

°„_ 2 f C ° nJ ^ S / teS W€ g6t for the con l" u g ate values, 1, a”- 1 1, 

The instantaneous power in the successive phases is, there- 
re, real part of (El + EI real part of (a E a"- 1 J 
+ aEaI e-jot), rea l part of (o* E aI + a 2 E a 2 1 e etc. 

a*u-TTa S thes , e , up , and noticing that 1 + a 2 + a« + . . . 
0 we get for the total power, 

p = real part of {n El). 
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In a balanced polyphase system, the instantaneous power 
input is constant in time. 

The instantaneous magnetic energy contained in a system of 
circuits magnetically coupled is: 

t m = 1/2 (Lii ii 2 + Lm i 2 2 4- 2 Mn ii i 2 4- . . .) 

where i u , i 22 , Mu etc. are the coefficients of self and mutual 
induction of the parts of the system. Substituting 

i = s/2/2 (h + L f 2 = V2/2 (7* + U e~ j03t )> 

etc., 

t m = 1/2 (in II ~b iss Ii Ii + M[I i / 2 -b i\ 1 2 ] ~b • • • ) 

4- 1/2 '(1/2 [in I \ 2 H - i227 2 2 4~ 2 ]\I 12 Ii Ii 

+ . . . ] €^ at 

4 ” 1/2 [ill il 2 4" i‘22 ^2 2 "b 2 Mu Tl / 2 + . . * ] € 0 

= T m 4 - real part of 1/2 [i u Ii 2 4- i22 7 2 2 + 2 M12 Ii 7 2 

4 - . . . ] & at 

T m = 1/2 (in ii ii + i 22 is u + m [h ii 4 - ii 1 2 } + ■ ■ ■) 

therefore represents the mean magnetic energy. It is always 
real and positive. 

The instantaneous electrostatic energy in a group of con- 


densers is 

te ~ 1/2 ( Ci + ' 

c 2 




ii dt = 

f V2/2 (Ji 

e joH _]_ £ jco t 

) dt 




- V2/2 ( y ; e*" 

+ ~ 

A \ 

- j « / 

Similarly for q 2 

q 3 . . . etc. 

Substituting 

in t e 



_ / 1 

Ji /1 , 1 

1 2 72 1 

\ 


*• = ^ { a ' 

1 1 _L_ 

CO 2 c 2 

" ~ J 

O 1 * * * 

C0 2 2 

■) 



“4~ 1 /2 | 

; ^ [- t. 

Ii 2 1 

w 2 c 2 

1 2 2 
CO 2 

. . . j e 2 ^"‘ 


+ 1/2 

r 1 ' ii 2 

Cl OJ 2 

1 17 

C 2 CC 2 

• * 

1 j 

= T. 

-f” real 

part of 1/2 [ - 

- 1/Cl — - 
' CO 

■ 1^2 

U 2 

CO 2 


t j £2 jol t 
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T e = 1/2 (-1 


\ Cx 


1±L + _i_ uu 

^2 ^ o | • 


C 2 CO" 


therefore rep- 

positive mean e * ectrosta tic energy. It is always real and 

rea 5'!w ntan ““, S rate 0f hcat seneration in a system of 
alent complex quantities: Substituting the eqmv- 

d = (r, h I, + r 2 J 2 / 2 + . . . ) + x/2 ([ r j 2 + r , j , 2 

+ • • .]e^ + [r 1 / l2 + r 2 / 22 + . /,]«-*«) 
~ D + ! eal P art ^ 1/2 [rx If + r 2 If + . . . ] 6 2 to 

enersnr { 2 + • • • • gives the mean rate of 

gy ssipation into heat. It is always real and positive. 

n. The Relation Between Power, Electrostatic and 
Magnetic Energy and Heat Generation 

resisfarnr^s ^ ar ^^ rar / r system of inductances, capacities and 
esistances given, having n terminals. Let V, V , V n 

complex numbers denote the potentials at these terminals, and' 

when thpv'fl n • + C !f entS at term i na ls, taken positive 
tTe notenLr.^l 0 the f ystem - Let ^ F n+2 , . . .etc., be 
network T P V I > ° r junctions of the branches of the 

Thus T ' = J t U b6 T the ? Urrent ^ rom the node k to the node l. 

terminals In T hat follows we shaI1 include the n 

terminals among the nodes of the system. 

Consider the expression 

* y* (/ M + /„ +....). Since by Kirchhoff , s laws Iki 

reduce to v\ mt ^ nal node > the whole must 

2 v k (iki + /« +-)= hi A + y 2 , y n 4 

in thetran^hdves t’ tW ° n ° deS ’ k and 1 The current 

v f W ° erms m tde above expression, namely: 

v khi + Vi I kl = Vkf. 


k Ikl - V I Ikl = (Vk - Ex) hi 


But V k ~V, 


i = r*h+j “(L aa I a + M ab I i + M ac I 


(V k -Vi)l a 


~h • . . — 


1 1 


J c a 


I 


a 
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Hence (V k V e ) % a ~ CO (L a I a I a -f- M a b 1 1 1 a 

+ M a c I c la + • . . . ) — j CO (—^ 

Now write similar equations for the other branches. The left- 
hand sides will add up to the left-hand side of (1). The 
right-hand sides will add up to D + 2 j co (T m - T e ) 

Hence: 

Vi li + V 212 + . • V n I n = D + 2 j co (T m — T e ) (2) 

Hence the real part of A + 7 2 / 2 + . . . . V n I v is the 
Joulian heat generated per second, and the pure imaginary 
part is 2 j co times the mean magnetic energy minus the mean 
electrostatic energy. 

III. Application of the Relation, Power Factor 

Compensation 

The principle enunciated in II is frequently useful in deter¬ 
mining the possibilities of solution of certain problems, and the 
minimum amounts of magnetic and electrostatic energy 
storage necessary. 

Let us consider first the problem of power factor correction 
in a polyphase system by static means. Because of the possi¬ 
bility of introducing arbitrary quadrature e.m.fs. in series 
with any phase by means of transformers placed across the 
other phases, many of us have tried to compensate for lagging 
power factor by means of transformers only. The constant 
failure of the schemes tried has convinced most of us that the 
idea is inherently impossible, but it is satisfying to have a 
definite proof of this fact. 

The proposition is to insert a network between a polyphase 
supply and a lagging load so as to give unity power factor at 
the generator end. Sum up V I for all the terminals of the 
network. For the supply terminals, since cos 6 = 1, 2) VI is 
real; the coefficient of j is zero. For the load terminals since 
leading currents are supplied to the network 6 is negative. 
Hence the coefficient of j in V I for a load terminal must be 
negative. Its value is the wattless power supplied to the load 
through that terminal. Thus V I summed up for all 8 the 
terminals must have for the coefficient of j the negative of the 
wattless power supplied the load. Hence by equation (2) 

2 co (T e — T m ) = wattless power of load. 
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Hence in any such network there must be electrostatic 
storage of energy. In fact the minimum amount possible is 

1 

— times the wattless power of the load. 


IV. Phase Splitting 

. The use of condensers and reactances for changing from 
single phase to polyphase is well known. We shall here deter¬ 
mine the minimum amounts of condenser and reactance energy 
storage necessary for this purpose. The impossibility of 
supplying a balanced polyphase load of lagging or unity power 
factor from a single-phase source by means of reactances alone 
will also be shown here. 

Suppose then a network inserted between a single-phase 

source and a polyphase load such that the polyphase is bal¬ 
anced. 


Summing up V I for the load terminals we get — n E 2 
where E 2 is the polyphase voltage to neutral, and I 2 is the cur¬ 
rent per phase supplied to the load. Summing V I up for the 
supply terminals gives Ei Ii where Ei is the single-phase voltage 

and h is the current taken from the supply. Hence for the 
network. 


2 Vl = E l I 1 -nE a I t =D + 2 j co (T m - T c ). ( 2 ') 

The double-frequency component of power supplied by the 
single-phase source is real part of E 1 1, that withdrawn 
by the load is zero as shown in II. This double-frequency 
power must be supplying and removing energy from the 
magnetic and electrostatic fields in the network. The integral 
w!th respect to time of this double frequency component, fell 

1 

^ jo)t mus t give the double frequency com- 


ene^ired SSdTT W The me “ value of al > th ® 

never be less that'frfas tL ™ £reqU< T y must 

we must have 87 “ never be Hence 


Tm + T e is not less than absolute value of 


2 co(T 


2y co 


E, I 


+ T,) is not less than absolute value of E x /, 

absolute value of E 1 I , i s the sam* « f' , 

i is me same as absolute value of 
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Ei h, and this, of course, is not less than the real part of Ei l x . 
Using the symbol > for “greater than or equals”: 

2 co (T m + T e ) _> absolute value of Ei h >_real part of E x Ii 

~ _ ( 3 ) 


From equation (2) 

2 co (T m - T.) = imaginary part of E x l x - imaginary part 

of n E 2 U (4) 


Subtracting (4) from (3) 

4 os T e > absolute value of E X I X - imaginary part of E x l x 

+ imaginary part of n E 2 / 2 (5) 

Adding (3) and (4) we get 

4 co T m > absolute value of E x l x + imaginary part of E x h 


— imaginary part of n E 2 h (6) 
In equation (5) the first two terms on the right must clearly 
combine to give a positive quantity. If the polyphase load 

has a lagging power factor, imaginary part of 
n E 2 h will be positive. Hence in this case the 
right hand side of E_ will be positive, and not 
less than imaginary part of n E 2 / 2 . Thus with 
a lagging polyphase load, the minimum condenser 
energy storage for which a network can be con¬ 
structed is given by: 

4 co T e = wattless power of load. (6') 



Actually, however, this limit cannot be reached, for to 
attain it we must make imaginary part of E x h equal absolute 
value of E x U- Since, however, the real part of E x l x is 
determined by the true polyphase power, this equality can be 
attained only as E x l x becomes infinite. (See Fig. 2). Equa¬ 
tion (6) shows that at the same time, T m would have to become 

infinite. 

Similarly for a leading polyphase load, the magnetic energy 


T m cannot be less than -p—times the wattless polyphase 

power. To actually attain this value, however, would require 
zero single-phase power factor and infinite electrostatic energy. 

A case of special interest is where the single-phase power 
factor is unity. In this case the imaginary part of E x l x is zero, 
and the absolute value of E x l x equals the true single-phase 
power. Hence (5) and (6) become: 
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4 " Te ^ Single-phase power + polyphase wattless power 

(lagging). (5") 

4 co > Single-phase power - polyphase wattless power 

(lagging). (6") 

Network are well known, which effect phase splitting with 

t con< ^ enser anc ^ ^actance energy storage indi- 

cated above. We now see that it is impossible to do better in 
this respect. 

P° ] yphase load has a power factor less than 
5 deg ; then lf network losses are negligible, equation (6") 
shows that reactance may be dispensed with while still keeping 
unity power factor on the single phase. 

If a phase splitting network employs the minimum amount 
energy storage, the total instantaneous energy stored must 
be zero twice every cycle. When the inductance energy is 
j e in 4uctance voltages are a maximum. When the 
condenser energy is zero, the condenser voltages are zero. 

in ® Uch , a network all the inductance voltages are in 
voltageT h ° ther and “ quadrature with the condenser 


IV. The Reciprocal Relation 
Suppose a system of terminal potentials Vi R,. . . y 

currents^ ^ term , inaIs „ of a network produces the terminal 

notentialfvV t> /“• S T ? P ° Se a different s Wtem of terminal 
, 1 ’ 2 V n ' produces the terminal currents 

J i > It, • . . I n '. Then 

Vi h' + Vo 7/ + . . . . y n ij = j i _j_ yy ^ 

+ ■ • • Vn In ( 7 ) 

Such reciprocal relations are well known in mathematical 

Physics. The proof as given below follows the toes of the 

proofs usually given. he 

Using the notation of II, we have at once: 

2 v k (J tl ' + l k% ’ + Ik y + ...)= Vi h' + v 2 1 / 

+ ■ . .V n I n ' (8) 

Vv, j T ng ? e nodes k and l contributes two 
terms to the left hand member of (8), namely : y* I kl ' + y ; 
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But 

Vklki’ + Vihk' = Vklki - Vih’ = IJ (Vfc- Vi) 


I ' 

± a 


T a I a + j 0) (L aa I a + M a blb + • • •) 


+ -7 


1 la 


j CO C a J 
= f a X a X a ' + j CO (L aa X a la' + M a & I a'I b 

1 I a I a 


+ Mac la' I c + • • • ) + C 


a 


Summing up for all the branches gives 

S Vk (X k i + Ik%' + ...)= Ta la la' + U XfcXfc' + ' • • • • 

~ j - J CO (Laa Xa la l Lft& l bib 

+ Mabla T-h + M&a X/ X& + . • ) 


H 7 


J W 


( 




c a 


c 


+ 


...) 


(9) 


Similarly, by summing up 21 yy (J /el + I k2 + . . .) first by 

k 

nodes and then by branches, 

2 Vk' C Ik 1 + Ik2 +-) = V/ lx + V,' I, + . . . Vn’ In 

(8') 

^ Vk {Ik 1 0” Ik 2 “1“ - • • 0 “ 7a -la -10 0” ■!"& 1& 0“ 

+.7 CO (L aa I a X a *4~ Lbb I b I b 
J \~M a b I a' I b H~ M ba I a I b' 

' .+•••) 
lb’ lb 


k 


1 1 

/ T ' I 

r J- a a 

J O) * 

K G a 


+ 


C; 


+ 




(90 


Hence comparing (8) (9) (80 and (90 we see that 

y, 7 X ' + y, y 2 ' + . . . y„ 7/ = vy ii + vv i 2 

+ (7) 

From equation ( 7 ) follows at once the well known reciprocal 
properties of a network. For example; suppose we supply 
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one volt to the terminal 1 of a network keeping the other 
terminals at zero voltage. A certain current I 2 will flow at 
terminal 2. Now suppose we apply one volt at terminal 2 
keeping the other terminals at zero potential. A certain 
current // will flow at terminal 1. Now substituting for V lf 
Y 2 ,. . . V n the values 1, 0, 0, . . . 0, and for V/, V 2 ', - . . V n f 
the values 0, 1, 0. . . . 0, in equation (7) we find: 

// = h 


That is, a volt placed at terminal 1 produces the same current 
at terminal 2 as one volt placed at terminal 2 would produce at 
terminal 1. 

In the next section we shall be concerned principally with 
four terminal networks in which the currents in pairs of 
terminals are constrained to be equal and opposite. For this 
special case, putting n = 4 fin equation (7) and I z = — I u 
I* = — A>, Iz f = — Ii, I A r = — I 2 ', we get: 


'i“ V*)h' +{V 2 - Y 4 )/ 2 ' = (Vi — V 9 ')h + (Y 2 — Y/)J a 
Setting Yi - Y 3 = E u V 2 - V 4 = E 2f V/ - V/ = E / 
and Y 2 ' - Y 4 ' = E 2 \ We find, 

Fx Ii + E 2 U = Ei' h + E 2 ' I 2 ( 7 ') 

From this equation we deduce at once this following recipro¬ 
cal relation. . One volt difference of potential placed at one 
pair of terminals will circulate the same amount of current 

^ I "I * yu pair of terminals as one 

volt difference of potential placed at the second pair will 
circulate through a short circuit at the first pair 


V. The General Single-Phase Transforming Network 

,A*yy° rk ^ our terminals may be used to receive 

, SOme vo ^ age at one Pair of terminals and delivering 

SSnalf S ° me other ™ ltage or Phase at the other pair of 

tions on t pio , pose to mvestlg ate here what are the limita- 
tions on such transformations by purely static means. 

he solution m detail for the steady state in anv network 

iS a f^ a Sm D e if' tSine l by me t ns ot Laws general 

izea lor complex quantities. Given the current* I cZ) t 

the two pairs of terminals, which we shall now call the primarv 

and secondary terminals, E> and E 2 the primaryandsecond^ 
voltages may be calculate \t ' ^ unary and secondary 

Kirchhoff s law* a™ on r ’ • ^ ow e( l u ations given by 
° ff S laws are a11 hnear m the unknowns. The process 
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of solving them only involves linear operations. Hence E i and 
E. 2 must be linear functions of h and I 2 . Thus: 

Ei = ali + b Ii 

E 2 = b' h + Ch (8) 

Here the quantities a, b, b', c are complex numbers. How¬ 
ever, it is easily seen that they are not independent. 

In fact, applying the reciprocal relation (7') we find: 

Ei h' + E, W = ahh' + b I 2 J7 + b ' 1 1 1 2 ' + eli W 
and EI h + E 2 ' I, = ah h' + b W h + b' h' h + e h' I % 
Hence b h h' + b' h h> = b h' h + b' h' I, 

Hence b (J s h' - h' h) = b' (h' h - h /,') 

Therefore: b - b r ' 

Thus the primary and secondary voltages and currents of 
any network of the kind we are considering always satisfy 
relations of the form: 

Ei — {a i + j a 2 ) Ii + (bi ■+• j b 2 ) I 2 

Ei = (6x + j bi) h + (Ci + j Ci) Ii (80 

What is the significance of the real and pure imaginary parts 
of the coefficients in (80. Forming the power expression we 
Have: 

El h + Ei Ii = [Oi h h + bi (Ii h + Ii li) + Cl Ii Ii] 

+ j[a 2 Ii Ii + b 2 (Ii h + 1 1 Ii) + c 2 Ii / 2 ] 

= D + 2j w(T m - T e ) 

Since the two brackets are real, the first must equal D the 
rate of generation of Joulian heat. If there are no losses in 
the network the first bracket must be zero, and the coefficients 
a,, b, c must be pure imaginary. 

Since we are interested in the inherent limitations upon the 
transformation possibilities of an ideal network, that is, one 
In which the losses are zero, we shall assume in all that follows 
that a, b, and c are pure imaginary. 

a - j A 

b = jB 

c = j C 

where ABC are real. The network equations then are: 

Ei=jAh+jBIi 

Ei=jBh+jCIi (8") 
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Let us first consider the possibility of a constant potential 
constant potential transformation. Given E i constant, we 
require E 2 to be independent of the load, J 2 . 

Eliminating h in (8") we obtain: 

E 2 = B/A E'i + ( B * j£ ° - ) h ( 9 ) 

E 2 can be independent of I 2 only if B 2 — A C = 0 . This is 
the condition for perfect coupling. Furthermore, the coeffi¬ 
cient of E is real. Hence we conclude, in any constant potential 
to constant potential transformation without losses, the trans¬ 
formed potential must agree in phase with the primary poten¬ 
tial. 

Next consider a constant potential constant current trans¬ 
formation. Solving (8") for / 2 we get: 

h = — j B Et. + (-g rl^ - g- ) Ei (10) 

I 2 is independent of E 2 only if A = 0 . Furthermore the 
coefficient of E x , is pure imaginary. Hence in any constant 
potential constant current transformation without losses the 
secondary current is in quadrature with the primary voltage. 

Let us now discuss the problem of determining a network 
such that for a given secondary load the secondary voltage 
shall be in quadrature with the primary voltage, and the pri¬ 
mary power factor shall have a predetermined value. 

The load can be given in terms of its admittance, y 2 = g 2 
— j 6 2 . The primary power factor can be determined by 
giving the apparent primary admittance, I 1 E l = y l = g l — j b ± 
Since there are no losses in the network we must have gi == g 2 
= 9 * 

What restrictions do the above conditions impose upon A, 
B , Cl Substituting I I = (g - j 60 E u I 2 = - (g - 3 b 2 ) E 2 , 
and E 2 — j Ei in (8 ; '), we get: 

El =i (g-jb 1 )AE 1 + j{ — g +jb 2 )jBE 1 

jE 1 = j (g - 3 60 B E 1 + j ( - g + j 5 a ) j C E 1 
Simplifying: 

1 = 61 A + g b + j (g A — b 2 B) 

1 — g B — 62 C A' J (— bi B — g C) 
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Separating the real and imaginary parts of these two equations, 
we get: 

1 = b\ A -f- g B 
0 — g A — b 2 B 
1 = g B - & 2 C 
0 = b\ B -f~ g C 

Solving we find: 

A __ _^2__ 70 __ _ @ 

&i ^2 &i &2 + g 2 bi &2 + g 2 

Thus we see that A, B, and C are completely determined by 
the conditions imposed on the network. But A, B, C deter¬ 
mine entirely the secondary voltage in terms of the secondary 
current. Hence we conclude, all networks without losses 
which effect phase quadrature for a given load with given 
primary power factor have the same inherent regulation of 
secondary voltage as the secondary load is varied. 
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STARTING CONDITIONS OF SYNCHRONOUS 

MACHINES 


BY ALFRED HAY AND F. N. MOWDAWALLA 


INTRODUCTION 

I N view of the growing popularity and importance of the syn¬ 
chronous motor as one of the standard types of motor 
available for power distribution purposes, and its increasing use 
as a means of improving the power factor of a load, no apol¬ 
ogy seems necessary for a paper containing a detailed study 
of the behavior of such a motor during what has always 
been regarded as a somewhat critical period— viz ., the per¬ 
iod when the motor is being accelerated from rest to syn¬ 
chronous speed. The subject is by no means a new one, and 
has already been dealt with by several writers, not, however, 
in a manner sufficiently thorough and exhaustive to make fur¬ 
ther contributions to it superfluous, and one of the main objects 
of the present paper is to explain a number of hitherto some¬ 
what obscure points, and to draw attention to others which 
have not previously been noticed. 

Review of Previous Work on the Subject 

The earliest paper specially devoted to a study of the starting 
conditions in synchronous machines appears to be one read in 
1912 before the American Institute of Electrical Engineers by 
C. J. Fechheimer. 1 In this the author, after some general 
introductory remarks, gives an account of experiments made 
to determine (1) the relation connecting the starting torque 
with the impressed potential difference under various con¬ 
ditions and (2) the variation of torque, current and power factor 

with speed, while the rotor is accelerated from rest, a constant 
potential difference being maintained across the stator ter¬ 
minals. The experimental results are embodied in an interesting 
series of curves. Among the questions discussed by the au¬ 
thor are the desirability or otherwise of keeping the field 

1 . C. J. Fechheimer, Trans. A. I. E. E. Vol. XXXI, 1912, p. 529. 
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circuit open during the acceleration period, and the tendency 
of certain synchronous machines to run in the neighborhood 
of half the speed of synchronism. Fechheimer's paper gave 
rise to a very interesting discussion. 

In 1913 E. Rosenberg 2 read a paper before the Institution of 
Electrical Engineers, on Synchronizing machines in which he 
considered, among other things, the occurrences during the 
starting period, and discussed in some detail the behavior 
of the machine towards the end of the acceleration period, just 
before it is pulled into synchronism. It may be mentioned 
that in the discussion on Fechheimer's paper, it was stated by 
B. G. Lamme that it was “difficult to see just what is going on 
in the motor at the instant it pulls into synchronism/' So far 
as the authors are aware,Rosenberg's was the first attempt to 
furnish a detailed explanation of the action in question. 

The next contribution to the subject is one by F. D. Newbury, 
in the form of a paper read before the American Institute of 
Electrical Engineers in June 1913. 3 The main interest of this 
paper lies in the oscillographic records which are given of the 
starting period. 

In December 1917 the authors of the present paper published, 
in the Journal of the Indian Institute of Science, an account 
of some experimental investigations of the occurrences during 
the starting period of a synchronous machine, and a full 
theoretical discussion of the type of induction motor whose 
stator is supplied with polyphase currents, and whose rotor is 
provided with a single-magnetic-axis winding. As will be seen 
later the theoretical results obtained explain in a satisfactory 
manner certain striking peculiarities exhibited by the machine 
during the starting period. 

The most recent addition to the literature of the subject 
is an article by Theo. Schou in the Electrical World of April 
6 th, 1918 (Vol. 71, p. 714). In this article the author points 
out that a satisfactory selfstarting synchronous motor should 
partake of the characteristics of both an induction motor 
and an alternator, and should present features of design 
intermediate between these two classes of machines. He 
accordingly advocates the use of a shorter air gap and longer 

2 . E. Rosenberg, “Self-synehronizing Machines.” Journal of the 
Institution of Electrical Engineers, Vol. 51, p. 62 (1913). 

3, Transactions of the American Institute of Electrical Engineers, 
Vol. 32, p. 1509. 
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polar arc than are customary in alternators of standard design. 
He further suggests the use of materials having a pronounced 
skin effect for the squirrel-cage windings of self-starting 
synchronous motors 4 and points out the advantages of frac¬ 
tional-pitch windings in reducing the troubles arising from 
dead points. 

Torques Concerned in Accelerating the Motor and in 

Pulling it into Synchronism 

The self-starting synchronous motor is accelerated and fin¬ 
ally pulled into synchronism by the action of a number of 
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Fig. 1—Flux Distributions for Different Relative Positions of 

Stator Field and Magnet Poles 

torques, differing widely from each other, and the resultant 
effect of which will largely depend on their relative importance. 
Cases may arise where, owing tp the preponderance of a 
certain type of component torque, it may be impossible to get 
the machine to run up to synchronous speed. Again, the 
torques concerned in the initial acceleration of the rotor are 
quite distinct from the torque which finally pulls it into syn¬ 
chronism. The authors are of opinion that no really clear 
understanding of the occurrences during the starting period is 
attainable without a detailed study of the various torques which 
act on the rotor during that period. It will accordingly be 
necessary to consider the nature of the various torques 
concerned. These torques may be classified as follows: 

4. The utilization of the skin effect in the rotor conductors of induction 
motors was patented by H. M. Hobart in 1900. 
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X. Torque due to varying magnetic reluctance (synchronous 
torque.) 

2. Torque due to hysteresis. 

3. Torque due to starting squirrel-cage or damping coils if 
present. 

4. Torque due to currents induced in the field winding, if 
this winding is closed. 

5. Torque due to eddy currents. 

1. Torque Due to Varying Magnetic Reluctance 

It is a well known general principle of electromagnetism that 
any electromagnetic system which includes a movable member 
tends to assume a configuration which corresponds to minimum 
reluctance and therefore maximum flux. Displacements of 
the movable member from the position of minimum reluc¬ 
tance call into play forces tending to restore it to that posi¬ 
tion. The application of this general principle to the special 
case of a salient pole rotor, which is acted on by the rotating 
field of the stator, will be easily understood by reference to Fig. 
1. In this figure, three different positions of one of the 
rotor poles are shown relatively to the stator polar surfaces. 
The center of the stator polar surface is in each case marked 
with the letter N. In Fig. 1b, the relative positions of the 
rotor and stator polar surfaces correspond to minimum reluc¬ 
tance, and from the symmetry of flux distribution it is 
immediately obvious that there is no tangential pull on the 
rotor. In Fig. 1a, the rotor pole is shown displaced from the 
position of minimum reluctance in one direction, and in Fig. lc 
in the opposite direction. If we bear in mind that the dyn¬ 
amical stresses correspond to a tension along the lines of 
force and a pressure at right angles to them, it is easy to see 
that in Fig. 1a there is a tangential force acting on the pole from 
right to left, while in Fig. lc it acts from left to right. If we 
now suppose that the stator polar surfaces travel past the pole 
in a direction from left to right, then the successive positions 
will be those shown in Fig. 1. For every displacement of the 
stator polar surface to one side of a rotor pole, there will be 
an equal displacement to the other side, and the forces corres¬ 
ponding to equal displacements in opposite directions will be 
equal and opposite. Thus the rotating field will exert an 
alternating torque on the rotor, and the positive and negative 
half-waves of this torque will be equal. The frequency of 
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the torque will be equal to twice the supply frequency multi¬ 
plied by the motor slip, and so long as the motor slips, the 
mean value of the alternating torque due to varying magnetic 
reluctance will be zero. The only effect of this torque is to 
throw the rotor into forced vibrations, having a frequency 
equal to that of the torque. Owing to the large moment of 
inertia of the rotor the vibrations will be imperceptible for large 
values of the slip, i. e ., during the greater part of the accel¬ 
eration period. When, however, the slip has become suffi¬ 
ciently small and in consequence the frequency of the torque 
sufficiently low, the amplitude of the rotor oscillations will 
become marked, and will increase with decreasing slip. 

Summing up, we see that the torque due to variable mag¬ 
netic reluctance is for all speeds below synchronism an alterna¬ 
ting torque consisting of equal positive and negative half-waves, 
and hence having a zero mean algebraic value. It is there¬ 
fore quite inoperative so far as steady acceleration of the 
rotor is concerned, and only produces equal periodic accelera¬ 
tions and retardations, i>e., it causes oscillations of the 
rotor. The period of these oscillations is determined by the 
rotor slip, and steadily increases with decreasing slip. At 
the same time, the amplitude of the oscillation increases. 

The graph of the varying magnetic reluctance torque ex¬ 
pressed as a function of the speed is shown in Fig. 2a. For all 
speeds below synchronism its mean value is zero, while at syn¬ 
chronism it is capable of assuming any positive or negative 
value between definite limits. Since the speed of synchronism 
is the only speed at which this torque has a value differing 
from zero, we may conveniently refer to it as the synchronous 
torque . 

2. Torque Due to Hysteresis 

In dealing with the torque due to varying magnetic re¬ 
luctance, we have neglected the effect of hysteresis. It now 
becomes necessary to take this into account. Owing to hys¬ 
teresis the rotor will tend to retain more or less strongly the 
effects of previous magnetizations. Thus referring to Figs. 
1 a and lc, if hysteresis were absent, the magnitudes of the 
torques in these two cases would be equal. Owing, how¬ 
ever, to the fact that in the position of the rotating field 
corresponding to Fig. 1a the magnetization of the rotor ^ is 
increasing from a lower to a higher value, while in position Fig. 
lc it is decreasing from a higher to a lower value, the actual 
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flux in Fig. lc will be higher than that in Fig. 1a. The same 
applies to each pair of corresponding or equidistant posi¬ 
tions on opposite sides of the position of maximum flux shown 



Fig. 2 Torque-Speed Curves 

greater" f-wT SU f^ ?. a * r of Potions, the driving torque 

s is thus seen to bp^h^ m f to !' que ‘ Tiie effect of hyster¬ 
ics seen to be the production of a disparity between the 
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positive and negative half-waves of the varying magnetic 
reluctance torque, the positive half-waves being uniformly 
larger than the negative ones. This effect is equivalent to 
raising the magnetic reluctance torque waves above the axis 
of time, i. e., to the addition of a steady driving torque to 
the alternating magnetic reluctance torque. The torque 
due to hysteresis is thus seen to be a steady driving torque 
and is instrumental in producing acceleration of the rotor. It 
is to be noted that, assuming the flux per pole to remain con¬ 
stant during the acceleration period, the hysteresis torque 
has the same value for all speeds below synchronism. If the 
speed were made to pass through synchronism to higher vaules, 
the hysteresis torque would undergo reversal at synchronism. 

The graph of the hysteresis torque as a function of the 
speed is shown in Fig. 2b. 

3. Torque Due to Starting Squirrel-Cage or 

Damping Coils if Present 

Little need be said about this torque, which may be called 
the induction motor torque, as everybody is familiar with 
the relation connecting the torque and speed of an induc¬ 
tion motor. The squirrel-cage of a self-starting synchronous 
machine forms the rotor winding of an induction motor 
whose stator windings are represented by the armature; the 
relation connecting torque and speed will be of precisely 
the same nature as in an induction motor. 

The graph of this torque as a function of the speed is of the 
well-known form shown in Fig. 2c. 

The method of varying the torque-speed curve of an induc¬ 
tion motor by the introduction of resistance into the rotor is 
also well known. The effect of introducing resistance is to 
cause a shearing of the torque speed curves backwards 
towards the origin, the maximum torque remaining un¬ 
affected in value, but occurring at a lower speed. If a 
very powerful torque is necessary at starting, it is advisable 
to use a high-resistance squirrel-cage. On the other hand, with 
such a squirrel cage the speed to which the motor finally settles 
down corresponds to a large slip, and this, as will be seen 
later on, makes it more difficult to pull the rotor into syn¬ 
chronism. The ideal arrangement would be one. in which the 
squirrel-cage resistance at starting is such as to give maximum 
torque, the resistance then automatically decreasing with 
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increase of speed in such a manner that at each speed maxi¬ 
mum torque is maintained, until finally the lowest possible 
resistance is reached, corresponding to a very'small slip. 
The use of the skin effect in conductors for automatically 
decreasing the rotor resistance with increasing speed has 
recently been proposed by Theo. Schou. 5 

4. Torque Due. to Currents Induced in Field Wind¬ 
ing, if this Winding is Closed 

If the field winding be closed, the currents induced in it will 
give rise to a torque, and a careful study of the nature of this 
torque is essential to a clear understanding of the occurrences 
during the starting period. The armature of the machine 
may again be regarded as forming the stator winding of an 
induction motor, of which the rotor winding is represented by 
the field coils. There is, however, this very important 
difference between the starting squirrel-cage and the field wind¬ 
ing: the currents induced in the squirrel-cage are capable, 
according to their distribution in space, of giving rise to a field 
whose magnetic axes may occupy any positions whatsoever 
relatively to the center lines of the field poles; but the cur¬ 
rents induced in the field winding can only produce a field whose 
magnetic axes are coincident with the center lines of the field 
poles. This is conveniently expressed by saying that the field 
winding is a “single magnetic axis” winding; because it can 
only produce a field having a single definite set of magnetic 
axes, namely, those corresponding to the center lines of the sal¬ 
ient poles. Now a motor having a polyphase stator, but a 
single-phase or single-magnetic-axis rotor, exhibits certain strik¬ 
ing peculiarities which differentiate it sharply from a motor in 
which both stator and rotor windings are polyphase. The 
earliest reference to this type of motor which the authors have 
been able to find occurs in a paper by H. Gorges 6 . Since such 
motors are not ordinarily used in practise, their characteristics 
do not seem to be very generally known, and have only occa¬ 
sionally been referred to. A complete analytical theory of 
this type of motor is given in the Appendix. The torque-speed 
curve of such a motor is shown in Fig. 2d, and its most strik¬ 
ing characteristic is the torque reversal which occurs over 

5. Loc. cit. 

6. H. Gorges: “Ueber DreLstrommotoren mit verminderter Tour- 
enzabl, Elektrotepknische Zeitschrift, VoL 17, p. 517 (1§96.) 
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a certain range of speed in the neighborhood of half¬ 
synchronism. The analytical theory of this motor, is some¬ 
what complicated, but the following general explanation 
based on a paper published in 1898 by F. Eichberg 7 may 
be useful. The currents induced in the single-phase rotor 
winding by the rotating field of the stator give rise to a field 
which, relatively to the rotor core, is a simple alternating or 
oscillating field. By a well-known transformation this oscill¬ 
ating field may be replaced by two equal and (relatively 
to the rotor core) oppositely rotating fields, the crest value 
of each rotating field being half the maximum crest value 
of the oscillating field. Now if the slip of the motor be $ and 
if its speed of synchronism be denoted by n, the frequency of 
the rotor currents will be s /, where / is the frequency of sup¬ 
ply, and the speed of its component rotating fields relatively 
to the rotor core will be s n, the speed of the rotor in space 
being (1 — s) n. Regarding the direction of rotation of the 
rotor as positive, the speed of one of the rotating fields re¬ 
latively to the rotor core is + s n, while that of the other is 
— s n. Hence the speeds of the rotor rotating fields Jn 
space are s n + (1 — s) n = n, and — s n + (1 — s) n = (1 — 
2 s) n. The interaction between the stator field, and the first 
rotating component of the rotor field, whose speed n in space 
is the same as that of the stator field, gives rise to a torque in 
every respect similar to that of an ordinary induction motor 
with polyphase windings on both stator and rotor. The 
second rotating component of the rotor field, whose speed in 
space is (1—2 s) n, is clearly incapable of reacting with the 
stator field in such a manner as to give rise to a resultant 
torque; for, owing to the difference of speed, the relative 
position of the fields is constantly changing, periodically 
passing through a succession of cycles during each of which 
the average algebraic value of the torque is zero. Although 
incapable of torque production by interaction with the stator 
field, the second rotating component of the rotor field is capable 
of giving rise to a torque by different kind of action. In 
sweeping across the stator conductors, it induces in them 
e.m.fs. of frequency (1 — 2 s) f , and these produce currents 
of the same frequency in the stator windings. and the cir¬ 
cuit external to them (repr esented by the mains and every- 
7. F. Eichberg, ZeitschHft fur Elektrotechnik (Wein), Vol. 16, p. 578 
(1898). 
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thing connected across them, generators, motors, lamps, 
etc.). Since the total impedance external to the stator wind¬ 
ings is extremely small in comparison with that of the 
windings themselves, the result, so far as the currents of fre¬ 
quency (1—2 s) f are concerned, is nearly the same as if the 
stator windings were short-circuited. The currents give rise to 
a rotating field whose speed (1—2 s).n in space is the same as 
that of the inducing rotor field, and the interaction of these 
two fields whose relative space position is invariable, results in 
the production of a torque. To fix ideas, we may think of 
the second component of the rotor field as produced by a poly¬ 
phase winding on the rotor supplied with suitable polyphase 
currents having a frequency s /, and of the rotating field 
due to this as inducing currents of frequency (1 — 2 s) f in 
the stator windings. The arrangement would then be equiv¬ 
alent to a polyphase motor whose primary is represented by 
the rotor and whose secondary is represented by the stator. 
The slip of this imaginary motor would be (1 - 2 s) and so 
long as s is less than the slip and torque would be posi¬ 
tive. Zero slip would occur at s — ^ i. e., at half the speed 
of synchronism. Beyond this point the slip and torque would 
assume negative values. 

The resultant torque of the motor would be obtained by 
taking the algebraic sum of the torques due to the two oppos¬ 
itely rotating components of the oscillating rotor field. This 
torque is represented by the full line - curve in Fig. 2d, the 
dotted and chain-dotted curves corresponding to the com¬ 
ponent torques due to the two rotating components of the 
rotor field. 

If we suppose that the torque arising from the current in the 
field winding is large in comparison with the other torques act¬ 
ing on the rotor, so that the dominant effect is that due 
to the field winding, then it is evident that the torque reversal 
which occurs at half-synchronous speed will tend to make the 
machine run in the neighborhood of that speed, and it will 
then be impossible to run the machine up to full synchronism. 

In the discussions wihich have taken place regarding the 
tendency of the machine to settle down to a speed in. the 
neighborhood of half-synchronism, erroneous views have fre¬ 
quently been expressed. Some engineers appear to hold the 
opinion that the machine locks into exact half-synchronism. 
As we have seen, the speed to wdiich it settles down, although 
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near half-synchronism, is not definite, and may, according to 
the special circumstances of each case, be anywhere in the 
neighborhood of that speed. It is no more correct to say that 
the machine locks into half-synchronism, than it would be to say 
that an ordinary induction motor locks into full synchronism. 


5. Torque Due to Eddy Currents 

If the field structure is laminated throughout, the torque 
due to eddy-currents will be insignificant. The case is other¬ 
wise, however, with solid field poles in which large eddy- 
currents may arise. If we were to imagine the rotor replaced 
by a solid cylinder of conducting material, then the rotating 
field of the stator would give rise to rotating eddy-current 
sheets in the conducting cylinder, and the axes of such cur¬ 
rent sheets 8 would follow the axes of the rotating stator 
field. There would in this case be perfect freedom of motion 
of the axes of the current sheets relatively to the rotor, and 
this condition is closely approximated to in an ordinary 
squirrel-cage winding. If we next suppose that the conduct¬ 
ing cylinder is cut up into a number of sectors by radial bar¬ 
riers of insulating material, then the freedom of motion of 
the axes of the current sheets relatively to the rotor would be 
largely destroyed, and these axes could only swing through an 
angular distance not exceeding the angular width of a sector. 
Now this is approximately the case corresponding to a salient 
pole rotor with solid poles. In such a rotor, owing to the 
restriction imposed on the free development of eddy cur¬ 
rents by the relatively large spaces between the field poles, the 
axes of the eddy currents can only travel through a relatively 
short distance. If the axes could not travel at all, the ar¬ 
rangement would be identical with that of a rotor having a 
single magnetic axis winding; while if the axes could travel with 
perfect freedom, it would be identical with that of a squirrel 
cage rotor. Hence we see that the torque due to eddy cui- 
rents in the solid field cores will partake partly of the nature 
of the torque due to a single-magnetic-axis rotor winding, and 
partly of that due to an ordinary polyphase rotor. The single- 
magnetic-axis effect is, however, in many cases found to pre¬ 
dominate^^ 

8. By the axes of the current sheets are meant the lines along y^h 
the current density is zero or the lines with which all the individual cur 

rent filaments are linked. 
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ienced in getting the rotor to pass well beyond half-synch¬ 
ronous speed. 


Pulling into Synchronism 


Of the various torques concerned in accelerating the rotor 
from rest to synchronism, three, namely the induction motor, 
the single-magnetic-axis and the eddy current torque, are 
functions of the speed, and may hence conveniently be refer¬ 
red to as the speed torques. Let us suppose that by the 
action of the speed and hysteresis torques the rotor has been 
brought to a speed not far removed from synchronism. Since 
in the neighborhood of synchronism, the speed torques rapidly 
decrease with decreasing slip—as shown in Fig. 2—and assume 
zero values at synchronism, it is evident that these torques 
would never be able to bring the rotor up to full synchronism; 
and the hysteresis torque is generally much too weak to 
effect this. The rotor is finally pulled into synchronism by 
the varying magnetic reluctance torque, and is maintained at 
synchronous speed by the same torque, all the other torques 
vanishing at that speed. As already explained, the varying 
magnetic reluctance torque may for this reason be conven¬ 
iently termed the synchronous torque, and we shall in what 
follows refer to it as such. 


We have already seen that the synchronous torque is an al¬ 
ternating torque having a zero mean value for all speeds other 
than that of synchronism, and is thus incapable of exerting 
any steady driving or accelerating effect so long as the speed 
of the rotor is below synchronism. The frequency of the syn¬ 
chronous torque is given by 2 s/., and the forced oscillations of 
the rotor to which the synchronous torque gives rise have the 
same frequency as the torque itself. Now the rotor speed 
oscillations call into play a further alternating or oscillating 
torque, owing to the fact that the speed torques change with 
t e speed of the rotor. The speed torques may for small val¬ 
ues of the slip be taken to be proportional to the slip, and 
hence their changes to be proportional to the changes in the 
speed. The effect is the same as if we were to substitute for the 
uc uatmg speed torques a constant torque equal to the sum of 
the mean values of the speed torques, together with an oscillat- 

mg torque whose amplitude is proportional to that of the 
speed fluctuations. 
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For the sake of simplicity we shall assume the speed fluct¬ 
uations to obey the simple harmonic law. They may then 
be graphically represented in a vector diagram by the projec¬ 
tions on the vertical axis of the vector 0 V in Fig. 3, this vector 
rotating at s /, revolutions per second. The instantaneous 
projection of 0 V gives the difference between the instan¬ 
taneous speed and the mean speed. Since the oscillating 
component of the speed torques may, as we have seen, in 
the neighborhood of synchronism be taken to be propor¬ 
tional at every instant to the difference between the instan¬ 
taneous and the mean speed, and since increase of speed pro¬ 
duces decrease of speed torques, it is evident that the oscil¬ 
lating or fluctuating component of the speed torques may be 
represented by a vector 0 F in direct phase opposition to 0 V. 
Next, if we assume that the alternating synchronous torque 
is also a simple harmonic function of the time, then the 
resultant of the synchronous torque and the oscillating com¬ 
ponent of the speed torques will give us the alternating 
torque which gives rise to the periodic accelerations and retar¬ 
dations of the rotor. The phase of this resultant torque is 
easily determined; for since its zero value must occur at the 
instant of maximum speed, it is evident that the vector 0 R, 
which represents the resultant torque,. must be 90 deg. 
ahead of 0 V, as shown in Fig. 3. Lastly, the synchronous 
torque vector OS is obtained by subtracting from the result¬ 
ant accelerating torque 0 R the oscillating component 0 F of 
the speed torques. The angular velocity of all the vectors in 
the diagram of Fig. 3 is directly proportional to the slip, 

being, in fact, equal to 4 t s f. 

Let co denote the excess of the instantaneous rotor speed 
over the mean speed (corresponding to the vertical projection 
of O V in Fig. 3), and let y stand for the instantaneous result¬ 
ant accelerating torque (vertical projection of 0 R). Then, 
if K is the moment of inertia of the rotor, 

d co 


or 

d co = 1 /K y dt 

and hence, taking as the origin of time the instant at which 
co is zero, 
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tion. The vector 0 S remains fixed in magnitude, but grad¬ 
ually approaches 0 V. At the same time the angular velocity 
of all the vectors in the diagram steadily decreases. If we 
were to consider the actual paths traced out by the extremities 
of the vectors during the last few cycles preceding synchron¬ 
ism, we should find that V traces out a spiral path opening 
outwards, F a similar path, R a spiral path contracting 
inwards, while S continues to move in its original circular 
path. Just before synchronism is reached, 0 V is moving 
with extreme slowness and 0 S is only very slightly in advance 
of it. As 0 V, having passed through the horizontal position, 
moves into the first quadrant, its projection gradually in¬ 
creases until the value of this projection when added to the mean 
rotor speed gives the speed of synchronism. At this instant 
all the torques have disappeared with the exception of the 
synchronous torque. 

It is clear that at the instant when synchronism is first' 
reached the synchronous torque cannot be less than the total 
torque resisting the motion. For, if such were the case, then 
balance of the total driving and resisting torques must have 
taken place at some instant preceding synchronism, and such 
balance would have prevented any further increase of speed, 
i. e., it would have prevented the rotor from reaching syn¬ 
chronism. Hence at the instant when synchronism is reached, 
the synchronous torque must either equal or exceed the 
total resisting torque. In the first case, the rotor will steadily 
maintain synchronous speed. In the second, further accele¬ 
ration will take place, and the rotor will settle down to the 
steady speed of synchronism only after a number of oscilla¬ 
tions, the final position which it takes up relatively to the stator 
poles being such that the synchronous torque arising from the 
displacement of the magnetic axes of the stator and rotor is 
exactly equal to the total resisting torque. Whether the rotor 
comes up to synchronous speed quietly without oscillations, or 
whether such oscillations take place before it finally settles 
down to the steady speed of synchronism, the running will cor¬ 
respond to stable conditions. For in either case a momentary 
increase of speed results in decrease of driving torque, and a 
momentary decrease of speed in increase of driving torque. 
The momentary changes in the driving torque which arise dur¬ 
ing speed fluctuations, are due partly to changes in the] syn¬ 
chronous- torque, which tend to check such fluctuations, and 
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partly to the reappearance of the speed and hysteresis torques, 
which have a similar effect. 

Open Versus Closed Field Windings at Starting 

The advisability or otherwise of closing, the field wind¬ 
ings at starting has been repeatedly -discussed. The danger 
of breaking down the insulation by the high voltage induced in 
the field windings when the stator circuits are first connected 
to the mains must be taken into account. Although this danger 
is entirely avoided by short-circuiting the windings before the 
stator is connected to the mains, there is no doubt that, from 
the point of view of initial torque and rapidity of start¬ 
ing, it is inadvisable to have the field circuit closed. The effect 
of closing field windings is similar to that of reducing the 
resistance of the squirrel-cage or eddy current path,—a 
procedure which is well-known to lower the initial torque. 
Again, as the neighborhood of half-synchronism is approached, 
the powerful single-axis rotor effect may seriously affect the 
acceleration of the rotor, and may frequently entirely pre¬ 
vent the machine from attaining any speed greatly exceed¬ 
ing that of half-synchronism. In order therefore to increase 
the acceleration of the rotor during the early stages of the 
starting process, the field should be kept open; any risk of 
breaking down the insulation may be guarded against by the 
use of a suitable field break-up switch. 

Now although it is advisable to keep the field circuit open 
during the initial stages of the starting operation it by no 
means follows that it would be equally advantageous to keep - 
it open until the machine has been pulled into synchronism. 
The slip with which the rotor ultimately tends to run under 
the action of the speed torques will depend on the resistance 
of the circuits in which the currents giving rise to the speed 
torques circulate. ^ By lowering this resistance the torque will 
be momentarily raised and the speed increased. Now closing 
the field circuit would be equivalent to such reduction of 
resistance, so that the short-circuiting of the field during- the 
final stages of the starting operation will cause the mean 
rotor speed to approach more closely to the speed of syn¬ 
chronism than would otherwise be the case. There is thus a 
distinct advantage in closing the field circuit during the final 
stages of the starting operation, after the rotor speed has 
reached a value not differing greatly from synchronism, 
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Cases may in fact arise where a machine with its field open 
might refuse to pull into synchronism, but could be made 
to do so by closing the field circuit. This conclusion has 
been verified experimentally. A certain machine was started 
with its field open, the rotor potential difference being 
so low that the rotor settled down to a speed below synchron¬ 
ism, and refused to pull into synchronism. The moment, 
however, that the field circuit was closed, the rotor locked 
into synchronism. 

Oscillations in Stator Current During the Period 
Immediately Preceding Synchronism 


It is well known that as the speed of synchronism is ap¬ 
proached violent fluctuations in the stator current gradually 
become noticeable. These are indicated in Fig. 5 of Rosen¬ 
berg’s paper, and are easily accounted for. So long as the 
speed is below synchronism, the field poles are slipping past 
the stator poles, and periodic fluctuations are taking place in 
the reluctance accompanied by corresponding fluctuations 
of reactance which throw the stator current into oscillations. 
The frequency of these oscillations being 2 s/ (since the 
reluctance returns to the same instantaneous value after 
the pole has moved through a distance equal to the pole- 
pitch) they are not noticeable at low speeds, and only become 
apparent when the slip has become sufficiently small. 


Some Experimental Results 
(a) Relations Connecting Stator Potential Difference with 
Stator Current, Stator Input and Power-Factor, _ Rotor Speed 
and Field E. M. F. when Field is Open-Circuited. The ex¬ 
periments embodied in the series of curves given were 
carried out on a four-pole, five-kw. three-phase converter 
designed for a continuous current voltage of 100-130 volts at 
a speed of 750 rev. per min. This machine had laminated mam 
poles, was fitted with commutating poles, but had no special 
starting devices. While the experiments about to be des¬ 
cribed were being carried out, the brushes were entirely removed 
from the commutator. Before each set of readings the ma¬ 
chine was allowed to run light for a sufficiently long time to get 


the bearings into a steady state. , 

In the first set of experiments, the results of which are e - 

hibited graphically in Figs. 4 and 5, a number of graj y 
incr easing potential differences were applied to the rotor slip 
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rings, and after the speed corresponding to any given potential * 
difference had settled down to a constant value, readings of 
the speed, current, power, etc., were taken when the potential 
difference had been raised sufficiently to enable the machine 
to lock into synchronism, it was still further increased, and 
then a second series of readings, corresponding to decreasing 
values of the potential difference was obtained. In the 
illustrations both the ascending and descending branches of 
the various curves are given. 

Fig. 4 shows the relations connecting speed and field e. m. f. 
with stator potential difference. Below a potential difference 
of about 15 volts across the slip rings the machine would not 
run at all. The speed then gradually increased with the poten¬ 
tial difference, the increase becoming much slower beyond 
a certain point, and at a slip ring-potential difference of about 
45 volts the machine was able to lock into synchronism. 
During the descending set of readings, synchronism was main¬ 
tained down to a voltage of about 35 volts. Below this point 
the speeds obtained with given voltages were found to be uni¬ 
formly higher than those corresponding to the ascending branch 
of the curve. Since, as shown by Fig. 5, the power supplied 
to the machine was found to be lower for decreasing values of 
the potential difference, in spite of the higher value of the 
speed, it is to be inferred that for decreasing values of the 
potential difference the resisting torque was uniformly less. 
This would indicate a decrease in the frictional resistances, 
probably due to the temperature of the bearings being higher 
during the descending set of readings than during the ascending 
set. 

The changes in the field e. m. f. are related to those in the 
speed. The field e, m. f. may be regarded as proportional 
to the product of two factors, namely the maximum flux per 
pole and the slip. At first the field e. m. f. rises with in¬ 
crease of potential difference, indicating that the increase 
of flux is more important than the decrease of slip. Beyond 
a certain point the decrease of slip is more important than 
the increase of flux, and the field e. m. f. begins to decrease. 

It.does not vanish at synchronism, indicating that there is 
either swaying or pulsation of the flux which enters the main 
poles. Since for descending values of the potential differ¬ 
ence the speed is uniformly higher and hence the slip lower 
than for ascending values, we should expect the field e. m. f. 
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to be uniformly lower in the former case, and the curve 
of field e. m. f. shows that such is the case. 

Fig. 5 shows the relations connecting stator current, stator 
power and power-factor with potential difference. The differ¬ 
ence between the ascending and descending branches of the 
power or input curve has already been referred to. It must 
be remembered that when the machine is not running syn¬ 
chronously, its behavior is similar to that of an induction motor. 
Hence, owing to the lower resisting torque during the descend- 



)<’ ni . 4 —Oi'kvkb Connecting Speed and Field E.M.F. 

P.T). when Field is Open-Circuited 


with Stator 


ing set of readings we should expect a smaller current and 
also a lower power-factor (as is at once evident from considera¬ 
tion of the circle diagram) than during the ascending set; and 

the curves of Fig. 5 fully confirm this. ., 

(h) Relations Connecting Stator Potential Difference with 
Speed and Field Current, when the Field Circuit is Closed. 
Figs. 6 and 7 give the connection between potential differ¬ 
ence and speed when the field circuit is closed through van- 
ous resistances, and in Fig. 6 the curve correspond m! to the 
field on open-circuit, previously shown m Fig. 4, is p 

for the sake of comparison. mufbine re- 

When the field was on dead short-circui , 

to run up to anything like synchronous speed, and 
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seemed to approach asymptotically a speed somewhat above 
half-synchronism. 9 The explanation of this fact has already 
been given (reference may be made in this connection to Fig. 
2d). • 

The curves of Fig. 7 show that by the introduction of a suit¬ 
able amount of resistance into the field circuit the tendency of 
the machine to settle down to a speed in the neighborhood of 



Fig. 5—Curves Connecting Stator Input, Current and Power 

Factor with Stator P.D. when Field Is Open-Circuited 

half-synchronism may be overcome, and that the machine 
may be made to lock into synchronism. This result may 
be explained as follows. Considering the complete torque- 
speed curve of an induction machine over the entire range 
of slip, positive and negative, we may regard the point of zero 
slip as dividing this curve into two branches, one of which 
corresponds to positive values of the slip, and the other to neg¬ 
ative values. If we now suppose resistance to be introduced 
into the rotor circuit, then as is well known, the result is to 
produce a shearing of the two branches of the torque speed 
curve in opposite directions from the point of zero slip. 
Referring now to the torque speed curves of Fig. 2d, it must 
be noticed that the point of zero slip for the chain-dotted curve 

9. Incidentally the fact that the machine reached a speed in excess of 
half-synchronism definitely disposes of the erroneous view previously 
referred to that the machine tends to lock into exact half-synehronism. 
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corresponds to half-synchronism, while for the dotted curve 
the point of zero slip is at full synchronism. From this it fol¬ 
lows that the introduction of resistance will in the region 
between half and full synchronism cause a shearing of the 
dotted and chain-dotted curves in opposite directions, the 
dotted curve being sheared from left to right, while the chain- 
dotted one is sheared from right to left. It is easy to see that 
this will cause a rise of the minimum in the resultant curve 
(the full line curve of Fig. 2d), and if the resistance remains 



P. D. 


0 _Curves Connecting Speed with P,D. when Field Is(a) Open- 

Circuited, and (b) Short-Circuited 


sufficiently large the minimum resultant torque will assume a 
positive value, so that the driving torque will be positive 
over the entire range of speed from zero to synchronism. 
The shearing of the dotted and chain-dotted curves m 
opposite directions in the region between half and full syn¬ 
chronism is, however, only one of the causes concerned m 
suppressing the negative portion of the resultant torque-speed 
curve, and besides this there is another cause. The dotted 
curve is the torque-speed curve of an induction motor whose 
stator is supplied at constant potential difference and frequency; 
whereas the chain-dotted curve is the curve of an imagi¬ 
nary induction motor whose stator is supplied at variable 
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■ P.D. 

Fig. 7—Curves Connecting Speed with P.D. when Field is Closed 

through External Resistance 

potential difference and variable frequency, the potential 
difference being proportional to the frequency. Now the 
introduction of resistance into the field windings is equiv- 



Fig. 8—Curves Connecting Speed and Field Current with P. D. 

when Field is Short-Circuited 
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alent to the introduction of resistance into the primary 
winding of the imaginary motor (since the primary winding 
of this imaginary motor is represented by the field winding) and 
is thus equivalent to a reduction of the potential difference 
across its terminals. This will result in a reduction of all the 
ordinates of the chain-dotted curve. While therefore, the in¬ 
troduction of resistance into the field circuit results in a 
simple shearing of the dotted curves from right to left unac¬ 
companied by any change in the values of the ordinates, the 
effect on the chain-dotted curve is a two-fold one, namely 
a shearing from left to right accompanied by a shrinkage of 



Fig. 9.-Curves Connecting Stator Input, Current and Power 

Factor with P.D. when Field is Short-Circuited 

the ordinates. This shrinkage of the ordinates will further 
help to suppress the negative portion of the resultant curve. 

It will be noticed that in the curves of Fig. 6 which refer to 
the open-circuit and short-circuit conditions of the field, there 
are no discontinuities in the speed curves (except that which 
occurs at the instant of breaking from synchronism in the 
case of the open-circuit curve); whereas the curves of Fig. 7 
show two well-marked discontinuities (one on each of the 
curves), in addition to the discontinuities at break from syn¬ 
chronism. These discontinuities are readily accounted for by 
considering the shape of the resultant or full-line torque- 
speed curve of Fig. 2d. In the cases to which Fig. 7 refers the 
resultant torque-speed curve lies, as already explained, wholly 
above the axis of speed, all its ordinates being positive; b.ut 
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the curve has two maxima separated by a minimum. It is the 
existence of this minimum which causes the discontinuities in 
the speed curves. Stability of running can only be secured 
by working on a portion of the torque-speed curve which 
has a downward slope from left to right. With increasing 
potential difference and speed the point on the (varying) torque- 
speed curve corresponding to the stable running condition for 
the given potential difference gets displaced further and 
further to the right until finally it reaches the minimum point 



Fig. 10 —Curves Connecting Speed with Stator Current under 

Various Conditions 

on the curve. An increase of potential difference beyond the 
value corresponding to this minimum point results in a pas¬ 
sage into the unstable region which lies between the minimnm 
and the second maximum, and no stable running is possible in 
this region. It is only after the speed has passed beyond the 
second maximum of the torque-speed curve that stability can 
again be reached. The point where the discontinuity occurs 
along the ascending branch gives approximately the speed 
corresponding to minimum torque; while the discontinuity on 
the descending branch marks approximately the second maxi¬ 
mum of torque. The first maximum of torque would corres¬ 
pond roughly to the lowest speed at which the machine will 
run. 
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In Fig. 8 are shown the relations connecting speed and poten¬ 
tial difference, and field current and potential difference, 
with the field on dead short circuit. Each curve is shown as 
having three branches. Two of these correspond to the values 
obtained by first increasing the speed to a certain value and 
then decreasing it. The third branch, marked “Return from 
synchronism” was obtained by first open-circuiting the field 
and raising the potential difference to a value sufficient to enable 
the machine to lock into synchronism, then short-circuiting the 
field and taking a set of readings while the potential difference 



Fig. 11 —Curves (Jonnio citing Speed with Stator Current under 

Various Conditions 


was being decreased. The first two branches of the speed 
curve are identical with those shown in Fig. 6. The rela¬ 
tions connecting current and power factor with potential dif¬ 
ference are given by Fig. 9, 

Returning to Fig. 6, it will be seen that the machine starts 
with a lower potential difference when the field is short- 
circuited than when it is on open circuit; and this might at 
first sight appear to contradict the statement previously 
made regarding the advantage of starting with the field circuit 
open. Such, however, is not the case; for the real basis of 
comparison is not the potential difference applied to the 
stator, but the current taken by it. The relation connecting 
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speed with current for the various arrangements tried is shown 
in Fig. 10, and it will be seen at once that the machine 
starts up with a considerably lower current when the field is 
open-circuited. If the field is closed through a resistance, 
there will be a certain value of this resistance which gives the 
best initial results, but even with this value the current dur¬ 
ing the intermediate stages rises to a higher value than when 
the field is open-circuited. On the other hand, it will be no¬ 
ticed that with the field closed through a resistance high enough 
to allow of the machine being pulled into synchronism, a higher 
value of speed is reached with a given current than with 
the field on open circuit. 

As the machine experimented on was provided with inter¬ 
poles, it was thought desirable to try the effect of short-circuit¬ 
ing the interpole winding. In Fig. 11 are given four curves, 
two of which are for the sake of comparison reproduced from 
Fig. 10. It will be seen that the worst results are obtained 
with both main and inter-pole fields short-circuited, and 
that the short-circuiting of the interpole windings alone 
does not produce any very marked effect, and is not suf¬ 
ficient to prevent the machine from running up to syn¬ 
chronism. 

Summary of Conclusions Reached 

1. During the initial stages of the starting period the 
field should be kept open. If the induced voltage exceeds the 
limit of safety, a field break-up switch should be provided. 

Closing the field circuit not only largely increases the cur¬ 
rent during the initial stages of the starting period, but may 
entirely prevent the machine from .running up to synchronous 
speed. This is due to the single-magnetic-axis effect of 
the field winding. 

2. If the field is kept closed and the machine only reaches 
a speed in the neighborhood of half-synchronism, there is no 
tendency ’to lock into exact half-synchronism. 

3. There is a distinct advantage in short-circuiting the field 
after the field has reached a value not differing greatly from 

synchronism. This will greatly facilitate the final locking into 
synchronism. 



1910 1 HA Y .t.\ l> MOWH i li ALLA : ST t l;i'l A f, I'liSUl TIOXS 1730 


APPENDIX 


1 TV »'1 K 


Analytical Thkory of Rolyhiask IxonsnoN Motor 
Having SingU'.-Rhask Winihsu on thk Rotor 

The type oi motor under eonsideral ion is one whose si a tor 
is provided with a polyphase winding, hut whose rotor curries 
only a single-phase or stngledtKigtH'tirmxis winding. We may 
speak of the stator winding as the pniminj and of the rotor 
winding as the Minding of the machine. We may 

further suppose that f he ndor carries a supplementary single¬ 
phase winding whose magnetic axes are coincident with those 
of the secondary winding and w hich we may convenient ly 
speak of as the tnlHirn winding, din* secondary winding may 
be taken to correspond to the solid masses of the Held poles of 
a synchronous machine in which eddy currents are induced by 


e may 


the rotating hold; while the hrhaoi winding may he taken to 
represent the held winding of the synchronous machine, 

Owing to the extreme complexity of the problem, it heroines 
necessary to make the following simpliH inn assumptions: 

(1) We shall supp»e e r hat t lie st at> <r w u dine of t he machine 
is so arranged that each pha o wlem traversed by a current 
gives rise to a simple sine diet rihution of magnetic ilux in space, 

(2) We shall neglect tin* el ft *ct of variations in t he perme- 


‘ machine 


is so arn 


4 sn; 


ability. 

t ti 4 tv 


pk! I tie t une-vanat emu t it certain * i he quant if ins concerned 
wall be supposed t.o follow the -.itie law. 

It is obvious that during the rotation of the machine the 
mutual inductance of the secondary with any one phase of the 
primary winding will undergo periodic duct nations, and from 
supposition «l it follows u> can he easily shown that such 
fluctuations will ohr> the cine law if the speed of rotation is 
constant. Let M denote the maximum value of the mutual 
inductance of the secondary ami a certain phase of the primary 
winding. Then, if m , m and m denote t,he irmtautaneous 


inding, T 


e itoiiatiianemis 


r unices oi i ne Hirer phase? 


ne secondary at 


may wi 
l rnagm 


e, since t oe spare displace!! 


r* f i i mm 


flux waves 


i* armature vnrm 


is) elect,nea! degrees, 


,s it: 


1 .? ; *»- 
M If 
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m c = M 0 sin 


(1 — S) w t + a + 


4 7 r 


where w = 2iX frequency of armature current, and s 

synchronous speed — rotor speed \ 
synchronous speed / * 


slip 


of rotor 


( 


Let the currents in the three primary phases be represented 


by 


i a = I m sin w t 
ib = I m sin ^ w t + 


i ' c = I m sin (w t + 


3 

4 7 r 


If we provisionally assume that both the secondary and 
tertiary circuits are open, so that they are incapable of reacting 
on the primary circuits, then in order to maintain the currents 
i a , i b and i c in the three phases of the primary we must provide 
impressed e. m. f s. which are given by 
e a = Z x I m sin (w t + Ox) 


&b = Z i I m sin 


»,+ 2JL + #1 ) 


C c 


Zx I m sin 


^ w t "h 


4 7 r 

ir 



In the above expressions, Z i denotes the equivalent imped¬ 
ance of each phase when the three windings are supplied with 
currents differing 120 deg. in phase. If r t = resistance of each 
phase, and Lx = true self-inductance of each phase (i. e., flux 
linkage with phase when unit current is flowing through it and 
when remaining two phases are devoid of current), then 

Zx = vVi 2 + (3/2 w Lx) 2 

The fact that the equivalent reactance of a phase is 3/2 times 
its true reactance is due to mutual inductance between phases, 
and is a consequence of the assumption that the flux distribution 
in space due to any one phase follows the sine law. 

The angle 6x in the above expressions is such that tan 8x 


3/2 w Lx 

Tx 

The total instantaneous flux linked with the secondary due 
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to the primary currents %„ i b and % is 

$ = ma i a + m b i b + mj c = 3/2 M 0 I m cos (S w t - a) 

This flux gives rise to an e. m. f. in the secondary of amount 

62 = ~ = “I - S w Mq I m sin 0 Swt — a) 

We shall now assume that the secondary is closed, and that 
the e. m. f, is allowed to produce a current in it. 

Let t- i, L% be the resistance and self-inductance respectively 
of the secondary. Its impedance is then 

Zt = vV + (s® L 2 ) 2 

and the e. m. f. e 2 gives rise to a secondary current 

3 

is = 2 ~— s w M 0 I m sin (s w t - a — 0 2 ) 

where . tan 0 2 = — La 

?•2 

For the sake of simplicity, we shall put 

, _ 3/2 s w Mo 
2 ~ 22 

so that we may write 

■i/2 = k/2 I m sin (s w t — a — 0 2 ) 

The secondary current reacts on the inducing primary cir¬ 
cuits, and gives rise to magnetic fluxes linked with them. The 
flux linkage with the first phase, whose instantaneous mutual 
inductance with the secondary is m a , is given by m a i«, and the 
e. m. f. to which this flux gives rise is 

- -jf (m i is) = 

—■— {M a sin [ (1 — s) w t + a] k 2 I m sin (s w t— a— 0 2 ) } = 

(1/2 — s) w M B k 2 I m sin [ (1 - 2 s) w t + 2 a + 0 2 ] 

- 1/2 w Mo k 2 I m sin (w t - 0 2 ) 

Similar expressions (with suitable changes of time-phase) 
hold good for the remaining two phases. 

It will be noticed that each of these e. m. fs. consists of two 
components of different frequency. If we wished to maintain 
the original currents i a , i b and i c unaltered, then in addition to 
the original impressed e. m. fs., e tt , e b and e c we should have to 
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provide e. m. fs., equal and opposite in phase to those induced 
in the primaries by the secondary current i 2 . Now since these 
latter e. m. fs. consist of two components, one [such as 

— 1/2 w M o k 2 I m sin (w t — d 2 ) 

in the first phase of the primary of fundamental frequency], and 
the other [such as (1/2 — s) w M 0 k 2 I m sin [ (1 — 2 s) w t 
+ 2 6 2 ] in the first phase] of a frequency which is a function 

of the slip, the source of impressed e. m. f. would have to be 
capable of a continuous variation of wave-shape in order that 
the currents i a , i b and i 0 might remain unaltered. It is needless 
to point out that such special continuous variation of wave¬ 
shape could not be secured in practise. We shall therefore 
make an assumption which is much more likely to conform to 
actual conditions. We shall suppose that the source of im¬ 
pressed e. m. f. continues to supply a pure sine wave, but that 
the excitation of this source is varied so that it not only pro¬ 
vides the original e. m. fs. e a , e b and e c but, in addition, any 
other sine-wave components of fundamental frequency which 
may be necessary to balance fundamental frequency e. m. fs 
[such as the e. m. f. — 1/2 w M 0 k 2 I m sin (w t — 0 2 ) in the first 
phase] induced in the primaries by the secondary. The re¬ 
maining components in the induced e. m. fs. whose frequency 
differs from the fundamental, and which are not balanced by 
corresponding components in the impressed e. m. f. waves, 
give rise to additional primary currents whose magnitude we 
proceed to determine. 

For the sake of simplicity, we shall assume the impedance 
of the source of impressed e. m. f. to be negligible in comparison 
with the impedance of the primaries of the machine under 
consideration, so that the total impedance of the circuits on 
which the induced e. m. fs. of frequency other than the funda¬ 
mental act will be represented by the impedance of the pri¬ 
maries. The equivalent reactance of each phase of the pri¬ 
mary corresponding to e. m. fs. such as (1/2 - s) w M 0 k 2 I m 
sin [ (1 — 2 s) w t + 2 a + 0 2 ] in the first phase, is 3/2 (1 — 2 s) 
w Li. 

Hence the corresponding current in the first phase is given by 

. ,_ (1/2- s ) w Mo k 2 I m 

ia ~ vVi 2 + [3/2 (1 - 2 s) w Li] 2 

sin [ (1 - 2 s) w t + 2 a + 62 - 0 3 ] 
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If for the sake of simplicity we put 

ki = (1/2 -8)ioI, 

2s 

then 

% a — ^2 Im sin [ (1 2 s') w t "h 2 m - } - $2 — $ 3 ] 

Similar expressions hold good, with suitable changes of time- 
phase, for the corresponding currents in the remaining two 
phases. 

Before proceeding further, it will be convenient to collect all 
the results so far obtained. 


In the first phase of the primary, we have the following com¬ 
ponents of impressed e. m. f.:— 



e a = 21 I m sin (w t + 61 ) 

(1) 

and 

e a ’ — 1/2 w Mo ki I n sin (w t — ffl) 

(2) 

where 

9 



21 = Vn 2 + (3/2 w LiY 

(3) 


tan 0, - 3/2 ” U 

r 1 

(4) 


, &/ 2 swMq 

rC‘2 — ' 

Z 2 

(5) 


22 = VrY + (s» L 2) 2 

(6) 


o swL * 

u 2 — 

(7) 


r 2 


Next, in the first phase of the primary we have the current 
components 


and 

where 

% q — I m Sill 'll) t 

ij = kik 2 I m sin [ (1 — 2 s) w t + 2 a + - 

(8) 

- 0s] 

0) 


(1/2 - s) w Mo 

1 ” ^3 

(10) 


z 3 = Vri 2 + [3/2 (1 - 2 s) w L,\ 2 

(11) 


, n 3/2 (1-2 s)wL 1 

tan 03 — 

(12) 


Again, considering the secondary, we have in the induced 
e. m. f. 

e 2 = 3/2 sw Mo Im sin (swt - a) (13) 
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which gives rise to the secondary current 

ii = k 2 I m sin (s w t — a. — 0 2 ) (14) 

We may now proceed with our investigation. 

In addition to the e. m. f. e 2 in the secondary, which is due to 
the original currents i a , i b and i c in the primaries, and which 
produces the current i 2 , we now have another e. m. f., due to 
currents of the type ij, in the primaries. This second e. m. f., 
as in the case of e 2 , may be shown to be 

e 2 ' = 3/2 sw M oh k 2 I m sin (s w t — a — 0 2 + 0 3 ) (15) 

If we were to provide an e. m. f. in the secondary equal and 
opposite to e 2 ' this latter e. m. f. would be neutralized, and the 
only currents in the primaries and the secondary would be 
those already considered and given by (8), (9) and (14). 

Since, however, no such neutralization actually takes place, 

the e. m. f. e 2 ' is free to act, and gives rise to a current in the 
secondary. 

W = k x ki I m sin (s w t — 2 0 2 + 0 3 ) (16) 

This current, in turn, reacts on the primary, and, proceeding 
as before, we can show that it induces in the first phase of the 
primary an e. m. f. given by 

(1/2 - s) w Mo h ki I m sin [ (1 - 2 s) w t + 2 a + 2 0 2 - 0 3 ] 

— 1/2 w Mo ki ki I m sin (w t — 2 0 2 + 0 3 ) 

This e. m. f. is seen to consist of two terms of different fre¬ 
quency. We shall assume, as before, that the term of funda¬ 
mental frequency is balanced by an equal and opposite com¬ 
ponent 

e a " = 1/2 w Mo h h 2 I m sin (w t - 2 0 2 + 0 3 ) (17) 

in the impressed e. m. f. wave of the primary, while the other 
term, being unbalanced, gives rise to a current in the first phase 
of the primary 

ia" = & 1 2 & 2 2 Im sin [ (1 - 2 s) w t + 2 a + 2 0 2 - 2 0 3 ] j (18) 
Again, the current V', like h and Y, induces an e. m. f. in 
the secondary, given by 

e 2 " = 3/2 s w Mo AY I m sin (swt — <x — 2 0 2 -f- 2 0 3 ) (19) 

The e. m. f. e 2 " gives rise to a secondary current 

ii" = ki 2 ki I m sin (s w t - a — 3 0 2 + 2 0 3 ) (20) 

The current in its turn, reacts on the primary, inducing in the 
first phase an e. m. f. 

0-/2 - s)wMok 1 2 kiI m shx[(l-2s)wt + 2a + S 6 2 - 2 0 3 ] 

— 1/2 w Mo ki ki I m sin (w t — 3 0 2 + 2 0 3 ), 
the fundamental frequency component of which we shall 
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assume, as before, to be balanced by a component in the im¬ 
pressed e. m. f. equal to 

e a "’ = 1/2 to Mo k x 2 k 2 3 I m sin (to t - 3 0 2 + 3 0 3 ) (21) 

while the other component is left free to produce in the first 
phase of the primary a current 

ia"' = kx 3 fc 2 3 I m sin [ (1 - 2 s) to t + 2 a + 3 0 2 - 3 0 3 ] (22) 

Proceeding in this way, we ultimately obtain, for each of the 
quantities under consideration—primary impressed e. m. f., 
primary current, secondary induced e. m. f., and secondary 
current—an infinite series of terms. 

For the sake of simplicity, we shall put 

k = kx k/2 (23) 

and ' 0 = 0 2 - 03 (24) 

Considering first the primary impressed e. m. f. the first phase 
we see from (1), (2), (17) and (21), that this is given by 

z i Im sin (to t — 6 1 ) + 1/2 w M 0 k 2 I m sin (w t — 0 2 ) + k sin 
(to t — — 0) + fc 2 sin (to f - 02 - 2 0) + &3 sin 

(to f — 0 2 — 3 0) +]..... 

(25) 

Similar expressions, with suitable time-phase differences, 
hold good for the impressed e. m. fs., in the other two phases. 

Taking next the primary current in the first phase, and using 
(8), (9), (18) and (22), we find that this current is given by the 
infinite series. 

I m sin to t + k I m {sin [ (1 — 2 s) to t + 2 a + 0] + k sin 
[(1 — 2 s)wt + 2a + 2 6] 

+ k? sin [ (1 — 2 s) to t + 2 a + 3 0] + } 

(26) 

Similarly, using (13), (15) and (19), we find for the secondary 
induced e. m. f. 

3/2 swM 0 I m [sin (swt — a) + k sin (s to t — a — 0) 

-f A: sin (s to f-a-2 0) +] (27) 

Lastly, using (14), (16) and (20), we obtain the secondary 
current. 

k 2 I m [sin (swt- a- 0 2 ) + A: sin (s to f - a - 0 2 - 0) 

+ k 2 sin (swt — a — 0 2 — 2 0) + ] (28) 

Each of the four expressions (25), (26), (27) and (28) involves 
an infinite series of the type. 
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2 = sin <p + k sin (<p ± 6) + k 2 sin (<p ± 2 0) 

+ k s sin (<p ± 3 6) + 

This series may be summed as follows: 

Putting sin cp = -Jv (cl* — el*) 


and sin (<p ± n 6) 


where j- 


2 j 

1, we may write 


— [ey (p + b S) - e _J ' (^ d= ft 0) ] 


2 = g-r- W' e [1 -\-k e^ je +k 2 e ±2j ' 9 + k s + ••••] ~~ e^ 


J 

[1 + k e* Je + k 2 e m2je + ] } 

1 / 


e^ ,f> 


2 j \ l — k e* j6 


1 — k r is 


) 


which, after a number of transformations, may be reduced to 
the simple form 

sin <p — k sin (<p =F 0) 


2 = 


(1 — k cos 0) 2 + (& sin 0) 2 


If we put 


and 


a — VO- — k cos 0) 2 + (k sin 0 ) 2 

k sin 0 


tan /3 = 


1 — k cos 0 


( 29 ) 

( 30 ) 


then, after a further transformation, we may write 

S = 1/a sin (<p ± /3) ( 31 ) 

Primary P. D. Applying this result to ( 25 ), we find for the 
primary impressed e. m. f. in the first phase. 

*i Im sin (w t + 0 X ) + * /2 - — - — sin (wt- 0 2 - j8) 


This may be thrown into the form 

E sin (w t + (p) 

where 


( 32 ) 


E = I m \ 


Ti + — - cos (0* + j8) 


a 


_j_ 


3/2 w U ... 1 / 2 sin ( 0 2 + /3) 


2 'l 


( 33 ) 


12 
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and 


tan \p = 


o /O T 1/2 W iWo ^2 • / /) | a\ 

3/2 wLi- — -sin (0 2 + p) 

T/2vTMJcl ~ ~ Q , ^ 

ri H---cos (c7 2 + p) 


(34) 


Primary Current. Similarly, using (31) in (26), we obtain 
for the primary current in the first phase 
I m {sin w t + k/a sin [ (1 — 2 s) w t + 2 a. + 6 + j8] } (35) 

It will be noticed that, with a pure sine wave of impressed 
e. m. f., the primary current wave is a distorted one. 

Secondary Current. Proceeding in a similar manner with (27) 
and (28), we obtain the following expressions for the secondary 
induced e. m. f. and secondary current:— 

Secondary induced e. m. f. 

= I m —- - sm (s w t + a - p) (36) 

0 / 


Secondary current 

= Ivi k 2 /a sin (s w t — a — — |8) (37) 

Both the above waves are pure sine waves. 

Tertiary E. M. F. We next proceed to determine the e. m. f. 
induced in the open tertiary circuit. This e. m. f. is the result¬ 
ant of the two e. m. fs. induced, by the primary and secondary 
currents. Let mj, m b ' and m c ' denote the instantaneous 
mutual inductances between the tertiary and the three phases 
of the primary. Then we may write 

m a ' = Mi sin [ (1 — s) w t + a] 


m b ' 


= M i sin 


(1 — S) W t + OL + 


2 7T 

3 



Mi sin 


(1 — s) w t + a + 


4 T 
"3“ 


The total instantaneous flux linkage with the tertiary due to 
the joint action of the currents in the three phases of the 
primary is 

Mi I m sin [ (1 - s) w t + a] {sin w t + k/a sin [ (1 - 2 s) w t 


—{— 2 os —P■ /3] } T - Mi I m sin 


(1— s) w t + a + 


2 T 


3 
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;in ^ 


sin ( w t + 


2 7T 


j + &/ a s i n 


(1—2 s)w t + 


2 7T 


4 “ 2 o' -j- /3 


sin ( w t + 


+ Mi I m sin 


(1 — s) w t + a + 


4 7r 


jin ^ 


4 7T 


^ + k/a sin 


(1 — 2 s) w £ + 


4 7 r 


_j_ 2 o' -f- /3 




> 




This, after simple transformations, is reducible to the form 
3/2 Mi I m cos (swt — a) 


+ 3/2 k/a M\ I m cos (swt — a — (3)i 
and the tertiary e. m. f. due to this flux is 
3/2 s w Mi I m sin (s w t — a) 

+ 3/2 sw Mi I m k/a sin (sw t — a— P) 

Next, if we denote by the mutual inductance between the 
tertiary and the secondary, the flux linkage with the tertiary 
due to the current in the secondary is 

M 2 I m k 2 /a sin (swt — a — 0 2 — P) 
and the tertiary e. m. f. due to it is 

— s w Mi I m k 2 /a cos (swt — a — 0 2 — P) 

Thus the total tertiary e. m. f. is given by 
swl m {3/2 Mi sin (swt — a) 

+ 3/2 Mi k/a sin (swt - a- p)—M 2 k 2 /a 

cos (swt — a— 0 2 — (3) } 

This may be exhibited in the form 

e 3 = E 3 sin (s w t — a — j ) (38) 

where 

E s = I m sw { [3/2 Mi (1 + k/a cos (3) - M 2 k 2 /a 
sin (0 2 + P) ] 2 + [3/2 Mi k/a sin P + M t k 2 /a 

cos (0 2 + P) ] 2 (39) 

and 

tan i = a ^ s i n P + ^2 -^2 cos (02 + P) ] .. 

3/2 ikfx (1 + fe/a cos p) - M, k 2 /a sin (0, + P) . (40) 

Primary Power . We shall next consider the power impressed 
on the primary. Since the variable frequency component in 
the primary current wave (35) is incapable of contributing to 
the power, the only effective component is that of fun dam ental. 
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frequency, and this yields an amount of power in the first phase 
given by 

1/2 E I m cos (p 

so that the total primary power in all three phases is 

3/2 E I m cos cp ( 41 ) 

Power Factor. The r. m. s. value of the primary current (35) 
being 


-^= VI + (.k/ay 

V " 

the volt-amperes per phase are given by 


1/2 E I m VI + ( k/ay 
so that the power factor of the primary is 


VI + ( k/a ) 2 

Mechanical Power. We shall now consider the total mechani¬ 
cal power transmitted to the rotor of the machine. If the losses 
due to hysteresis and eddy-currents are neglected, the mechani¬ 
cal power is easily obtained by subtracting the primary and 
secondary copper losses from the total primary power. A 
consideration of the mechanical power is, it is needless to point 
out, of very great interest in connection with the self-starting 
qualities of the machine. 

Torque. The value of the torque exerted by the rotor is 
easily determined from the mechanical power by dividing the 
latter by the angular velocity. 

Up to the present, we have supposed the tertiary to be on 
open circuit. ' If now we imagine it to be closed, tertiary cur¬ 
rents will appear which will react on both primaries and second-. 
ary. The same general principle as that already used might be 
employed for investigating the reactions of the various circuits 
on each other. But if we are concerned only with the general 
nature of the results obtained, it is simpler to suppose the 
secondary and tertiary circuits replaced by a single equivalent 
secondary.. Thus the general law of variation of the tertiary 
current will be the same as that of the secondary, which we 
have already investigated. 

The method used in the above investigation is, it will be 
observed identical in principle with Lord. Kelvin s method of 
electrical images as applied to problems in electrostatics. It 
may possibly be found to be of great use in connection with 
certain types of alternating-current problems. 
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We shall apply the above theory to the study of a particular 
case which corresponds approximately to a certain synchronous 
machine for which experimental results are available. The 



Fig. 12—Curves Connecting Primary p. d., Primary Power, Second¬ 
ary Current, Tertiary e. m. f. and Torque With Speed When the 
Primary Current is Maintained at a Constant Value 

following numerical values (at a frequency of 12.5) have been 
assumed for the various constants:— 

fi = 0.006 r 2 = 0.004 w M 0 = .048 w M 1 = 4.2 
w L-l = 0.0513 wL 2 = 0.046 I m = 48.3 w M 2 = 2.S 
By the aid of the formulas established above, values of the 
primary p. d., primary current, secondary current, tertiary 
e. m. f., primary power, mechanical power, torque, power 
factor and phase angle were calculated for various values of $ 
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and a constant value of 48.3 for I m . Since all the variables 
involving I m are directly proportional to it, we can immedi¬ 
ately find their values for any other value of I m . Accordingly, 
we can find the values corresponding to those values of I m for 



Fig . 13 —Curves Connecting Primary ^k^nt Pium^y Powevi 
Secondary Current, Tertiary e. m. f. and 1or«ue with ope 
When the Primary P. D. is Maintained Constant 

For primary current curve multiply vertical scale readings by-1 
“ “ power “ “ „ „ „ « 3 

“ secondary current “ a ' 

a u “ “ rfc 

“ tertiary e. m. f. # a u „ « jq 

“ torque 

various values of which yield a constant valuefor theprimary 
current. This will give us the variations of the quantities 
with s when the primary current is maintained constant The 
values so calculated are given in Table I, and some of them 













1752 HA Y AND MOW DAW ALLA: STARTING CONDITIONS [Jan. 2 




Fig. 14 —Stator P. D., Stator Power and Rotor e. m. p. Curves 
Corresponding to a Constant Stator Current of 48.3 Amperes at 

a Frequency of 12.5 



Fig. 15— Stator P. D., Stator Power and Rotor Current Curves 
Corresponding to a Constant Stator Current of 48.3 Amperes at 

a Frequency of 12.5 
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plotted in Fig. 12. Similarly, we may obtain the values of the 
variables for different values of s when the values of I m are so 
chosen as to yield a constant value of the primary p. d. We 
thus obtain the results given in Table II, which corresponds to 
a constant 'primary line P. D. of volts, and from which the 
curves of Fig. 13 have been plotted. 

The theoretical curves of Figs. 12 and 13 may be compared 
with the experimental curves shown in Figs. 14, 15 and 16. It 
will be noticed that the general shapes of the curves correspond 



Fig. 16—Stator Current, Stator Power and Rotor e. m. f. Curves 
Corresponding to a Constant Value of the Stator P. D. = 15 

Volts at a Frequency of 25 

in the two cases, and that the peculiarities of shape are satis¬ 
factorily accounted for by theory. The experimental curves, 
however, do not exhibit such very pronounced peaks and 
valleys as do the theoretical ones. In this connection it must 
be remembered that the theoretical curves are based on a 
number of assumptions which are not quite realized in practise. 
Among others, the assumption has been made that the primary 
p. d. retains its pure sine wave form, and remains unaffected by 
the variable frequency component of the primary current. In 
actual experiments, the generator was a machine of smaller 
output than the synchronous motor, and its e.m. f. would 
certainly suffer distortion. 
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TABLE I. 

n = 0.006; w Li = 0.0513; rz =0.001; w L-i = 0.045; w Mo = 0.013; w Mi =4.2; 

v) M‘i =2.3; frequency = 12.5. 

Primary Current Maintained Constant at 48.3 amperes. 


Speed 

7 p. m. 

Primary 
terminal 
P. D. 

Secondary 

current. 

- Tertiary 
e. m. f. 

r Power 
supplied 
to 

primary. 

Power 

factor. 

Phase 

angle.* 

Mechan¬ 

ical 

power 

Torque, 

in 

107 

c. g. s. 

units. 

0 

2.34 

92.2 

125 

75.9 

0.388 

67°26' 

0 


25 

2.42 

91.8 

113 

82.3 

0.405 

66° 5' 

6.6 

25.05 

50 

2.60 

91.0 

100 

'92.5 

0.426 

64°47 / 

17.4 

33.2 

75 

2.78 

89.2 

86.8 

103.7 

0.446 

63°3i / 

29.8 

37.9 

100 

3.29 

84.3 

70.6 

124 

0.451 

63°11' 

53.8 

51.4 

105 

3.47 

81.9 

65.7 

128 

0.441 

63°49' 

59.4 

54.0 

110 

3.70 

78.5 

60.2 

131 

0.422 

65° 3' 

64.1 

55.6 

115 

3.96 

73.7 

55.8 

127 

0.384 

67°24' 

63.6 

52.8 

120 

4.16 

68.3 

59.9 

108.5 

0.312 

71°49' 

47.8 

38.0 

122.5 

4.18 

66.7 

67.9 

95.9 

0.275 

74° 4' 

36.1 

28.2 

125 

4.10 

66.7 

7.77 

77.6 

0.226 

76°55' 

17.8 

13.6 

127.5 

3.92 

68.8 

86.1 

59.7 

0.182 

79°30 / 

- 1.2 

- 9.3 

130 

3.67 

72.3 

91.2 

45.7 

0.149 

Sl°26' 

- 17.2 

-12.6 

135 

3.13 

80.0 

93.4 

35.4 

0.135 

82°14' 

- 32.1 

-22.7 

140 

2.75 

85.2 

91.2 

41.1 

0.179 

79°42' 

- 29.9 

-20.4 

145 

2.56 

87.9 

88.1 

52.0 

0.24? 

75°57' 

- 20.9 

-13.8 

150 

2.50 

89.8 

85.1 

' 63.4 

0.303 

72°22' 

- 10.4 

- 6.6 

162.5 

2.61 

89.8 

77.3 

88.1 

0.403 

66°14' 

13.8 

8.1 

175 

2.86 

88.7 

69.2 

110 

0.457 

62°98' 

36.1 

19.7 

187.5 

3.23 

86.4 . 

60.9 

131 

‘ 0.483 

61° 5' 

58.8 

29.9 

200 

3.71 

82.3 

52.4 

153 

0.492 

60°3l / 

83.5 

39.9 

212.5 

4.36 

74.9 

43.1 

173 

0.474 

61°42' 

10S.3 

48.7 

220 

4.85 

67.9 

38.7 

1S1 

0.455 

63°33' 

120.3 

52.2 

225 

5.21 

61.3 

31.9 

181 

0.515 

65°30' 

123.5 

52.4 

230 

5.58 

53.0 

28.4 

174 

0.373 

68° 6' 

120.8 

50.1 

235 

5.93 

42.6 

20.3 

157 

0.317 

71°3l' 

108.2 

44.0 

240 

6.23 

29.9 

13.5 

129 

0.248 

75°39' 

83.6 

33.3 

245 

6.42 

15.5 

6.5 

89.2 

0.166 

80°26' 

46.2 

18.0 

250 

6.46 

0 

0 

42.1 

0.078 

85°32' 

0 • 

0 

255 

6.33 

15. 3 

5.5 

- 5.2- 

-0.0098 

90°34' 

- 48.1 

-18.0 

260 

6.08 

29.2 

9.7 

- 45.6 

-0.0897 

95° 9' 

- 91.0 

-33.4 

265 

5.74 

41.2 

12.9 

- 75.6 

-0.157 

99° 3' 

-124.4 

-44.8 

270 

5.37 

51.0 

15.4 

- 94.7 

-0.211 

102°10 / 

-147.1 

-52.0 

275 

5.00 

58.8 

17.7 

-105 

-0.251 

104°34' 

-161.0 

-55.9 

280 

4.66 

65.0 

19.8 

-109 

-0.281 

106°18' 

-168.2 

-57.4 

287.5 

4.20 

71.8 

22.9 

-10S 

-0.308 

107°58' 

-171.0 

-56.8 

300 

3.62 

79.2 

28.3 

- 98.3 

-0.325 

108°57' 

-165.4 

-52.6 

325 

2.82 

S8.1 

39.8 

- 71.3 

-0.303 

107°37 / 

—242.9 

-42.0 

350 

2.55 

89.2 

51.5 

- 54.7 

-0.256 

104°50' 

-12S.5 

-35.0 

400 

2.21 

91.4 

76.1 

- 30.9 

-0.167 

99 0 36' 

-106.4 

-25.4 

450 

2.09 

92.3 

100.5 

- 17.1 

-0.098 

95°3S' 

- 93.2 

-19.8 

500 

2.03 

92.7 

124. S 

- 8.4 

—0.0496 

92°51' 

- 84.8 

-16.2 


*Angle of lag of primary current behind primary p. d. 
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TABLE II. 


n == 0.006; w L\ 


0.0513; r> 
W Mi 


■ 0.004; w Li = 0.046; w M v 
2.3; frequency = 12.5. 


0 . 


w Mi =4.2; 


Primary P. D. Maintained Constant at 10 Volts. 


Speed, 

2 p. m. 

Primary 

current 

Secondary 

current 

f 

Tertiary 
e. m. f. 

Power 

supplied 

to 

primary. 

Power 

factor. 

Phase 

angle.* 

Mechan¬ 

ical 

power. 

T orque 
in 

107 

c. g. s. 

units. 

0 

206 

394. 

534 

1385 

0.388 

67°26' 

0 


25 

199 

378.5 

465 

1400 

0.405 

66° 5' 

112 

426 

50 

186 

350.5 

386 

1370 

0.426 

64°47 / 

258 

493 

75 

174 

321 

312 

1340 

0.446 

63°3l' 

386 

492 

100 

147 

256 

214 

1146 

0.451 

63°11' 

496 

474 

' 105 

139 

236 

189 

1060 

0.441 

63° 4:9' 

492 

448 

110 

130.4 

212 

.163 

952 

0.422 

65° 3' 

467 

405 

115 

122 

186 

141 

812 

0.384 

67°24 / 

405 

337 - 

120 . 

116 

164 

144 

625 

0.312 

71°49 / 

276 

219 

122.5 

115.6 

160 

163 

550 

0.275 

74° 4' 

207 

161 

125 

118 

163 

190 

462 

0.226 

76°55' 

106 

81 

127.5 

123 

176 

220 

389 

0.182 

79°30' 

- 8 

— ■ 

130 

132 

197 

249 

340 

0.149 

81°26' 

- 128 

- 93.9 

. 135 

154 

255 

298 

361. 

0.135 

S2°14' 

- 327 

-231.5 

140 

176 

310 

332 

545 

0.179 

79°42' 

- 395 

-270 

145 

189 

34.3 

344 

793 

0.243 

75°57 / 

- 319 

—210 

.150 

193 

357 

340 

1013 

0.303 

72°22 / 

- 166 

-106 

162.5 

185 

344 . 

296 

1290 

0.403 

66°14 / 

203 

119 

* 175 

169 

. 310 

241 ’ 

1335 

0.457 

62°48' 

440 

240 

187.5 

150 

267.5 

1S9 

1250 

0.483 

61° 5' 

563 

287 

200 

130 

222 

141 

1110 

0.492 

60°3l / 

608 

290 

212.5 

111 

172 

99 

910.5 

0.474 

61°42' 

571 

256 

220 

99.6 

140 

76 

769 

0.445 

63°33' 

512 

222 

225 

92.8 

118 

61 

666 

0.415 

65°30' 

456 

194 

230 

86.5 

95 

47.4 

559 

0.373 

68° 6' 

388 

161 

2 35 

81.4 

71.7 

34 

447 

0. 317 

71°3l / 

307 

125 

240 

77.5 

48.1 

21.7 

3 32 

0.248 

75°39 / 

215 

85.6 

. 245 

75.2 

24.1 

10.2 

217 

0.166 

80°26' 

112 

43.8 

250 

74.8 

0 

0 

101 

0.078 

85°32' 

0 

0 

255 

76 3 * 

24.1 

8.7 

- 13 

-0.0098 

90°34' 

- 120 

- 45 

260 

79.4 

48 

16 

-123 

-0.0897 

95° 9' 

— 246 

- 90.4 

265 

84.1 


22.5 

-229 

-0.157 

99° 3' 

- 377 

-136 

270 

89.9 

96.9 

28.7 

- 328 

-0.211 

102°10' 

- 509 

-180 

275 

96.5 

118 

35.3 

-420 

-0.251 

104°34 / 

044: 

-223 

280 

104 ’ 

135.5 

42.4 

-504 

-0.281 

106°18' 

- 775 

-264 

287.5 

115 

171 

54.5 

-614 

-0.308 

107°58' 

- 969 

-322 

3ob 

133.5 

219 

78.2 

-750 

-0.325 

108°57' 

-1260 

-402 

325 

171 

306 

141 

-898 

-0.303 

107°37 / 

-1800 

-529 

350 

189 

349 

202 

-838 

-0.256 

104°50 / 

-1970 

5 -537 

400 

218 

413 

344 

-630 

-0.167 

99°36' 

-2170 

-518 

450 

231 

442 

481 

-393 

-0.098 

95°38' 

-2140 

—454 

500 

238 

456 

V* _ 

614 

-204 

-0.050 

92°51' 

-2055 

-392 


♦Angle of lag of primary current behind primary p. d. 
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Discussion on “Starting Conditions of Synchronous 
Machines (Hay and Mowdawalla), Calcutta, India, 
January 2,1919. 

Quentin Graham: In considering the various torques 
which act upon the rotor during the starting and synchroniz¬ 
ing periods the authors have confined themselves to those 
torques which are active when the field winding is either 
open-circuited or short-circuited. They have not.considered 
the conditions which exist when the field is excited before 
synchronism is reached. In this case there is another torque 
to be taken into account which is the predominant one during 
the period of pulling into synchronism. 

When the motor is running in synchronism its torque, 
due to the interaction between the ampere turns of the field 
winding and those of the armature winding, depends upon 
the position of the poles relative to the revolving m. m. f. 
of the armature. The torque rises from zero to a maximum 
as the relative shift of the rotor passes through one half a 
pole pitch. This is the limit of stable operation as a synchron¬ 
ous motor. With a further relative shift of the rotor the 
torque falls off to zero and then goes through a negative half 
cycle. The complete cycle extends over two pole pitches. 
Now if we have the machine running as an induction motor 
with a small slip and then excite the field winding the rotor 
will be subjected to this cycle of torque every time it 
slips one pair of poles. The result is that the rotor is 
made to oscillate about its mean position at slip frequency. 
It will be noticed that the frequency of oscillation of an 
open-circuited or short-circuited rotor, due to the non¬ 
uniformity of the magnetic circuit, is twice slip frequency 
as has been brought out in the paper. 

The diagram and the analysis given by Messrs. Hay and 
Mowdawalla for the case of a rotor oscillating at twice slip 
frequency is applicable to the case of the excited rotor which 
oscillates at slip frequency. It has been shown by Rosenberg, 
in the article to which reference is made in the present paper, 
that the torque due to the excited field is usually large com¬ 
pared to the torque component which is dependent upon the 
oscillating speed for its existence. Or, referring to Fig. 3, 
of the present paper, the vector 0 S should be large in com¬ 
parison with the vector 0 F if the diagram is to be. used to 
represent conditions when the field is excited. This would 
justify the neglecting of the torque represented by the vector 
0 F in calculating the pulling-in ability of a machine as has 
been done by Rosenberg. 

The pulling into synchronism with a fully excited field is 
of particular interest since it is this condition which nearly 
always exists in practical work. The motor is brought up 
to within a few percent of synchronous speed as. an induction 
motor and if it is carrying an appreciable load it will not be 
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1920] 

able to pull into step of its own accord. The field must then 
be excited in order to cause the rotor to come up to synchronous 
speed. From the analysis which the authors have given it 
can be seen that if the motor does not pull in to step during the 
first half cycle of positive or accelerating torque it will not 
pull in at all. That is, during the following half cycle of 
torque it will be retarded an equal amount and will therefore 
continue to oscillate in speed but will not reach synchronous 
speed. 

It may be deduced also that the certainty of pulling in to 
step depends upon the position of the rotor poles relative 
to the stator m. m. f. wave at the instant that the field is 
excited. If the rotor is in such a position that it must pass 
through the whole of the accelerating half cycle of torque 
before entering the zone of retarding torque the likelihood of 
its reaching synchronous speed is greater than if the field were 
excited a little later so that only a part of the accelerating 
wave is passed through before retardation commences. It is 
somewhat analogous to the rise in flux in a transformer that 
is switched on to the line, the maximum flux reached being 
dependent on the point of the voltage wave at which the 
switch is closed. Experiments have proved that the pulling- 
in ability of a motor does vary considerably with the point 
on the slip cycle at which the field is closed. 

The conclusion which the authors reach that the field should 
be kept open-circuited during the early part of the starting 
period is open to question. While it is true that the starting 
torque is higher with open-circuited than with short-cir¬ 
cuited field, as shown by theory and confirmed by experiment, 
the difference between the two is not very great in motors 
having well designed starting windings. Furthermore the 
complicated construction which would result from applying 
field break-up switches to revolving field synchronous 
motors would more than offset the gain in starting torque. 
Closing the field circuit during starting has been found to be 
the most practicable method. 




REPORT OF THE BOARD OF DIRECTORS 

FOR THE FISCAL YEAR ENDING APRIL 30, 1919 


The Board of Directors of the American Institute of Electrical Engi¬ 
neers presents herewith to the membership its Thirty-fifth Annual Re¬ 
port, for the fiscal year ending April 30, 1919. A general balance sheet 
showing the condition of the Institute’s finances on April 30, 1919, 
together with other detailed financial statements, is included herein. 

Directors’ Meetings.—The Board of Directors held ten regular meetings 
during the year; seven of these were held in New York, one in Atlantic 
City in June, one in Philadelphia in December, and one in Boston in 
March. 

The practise has been continued of printing from month to month in 
Section I of the Institute Proceedings information regarding the more 
important activities of the Institute which have been under consideration 
of the Board of Directors, the committees, and the various officers. 

Annual Meeting.—The Annual Business Meeting was held at Institute 
headquarters, New York, on May 17, 1918. The Annual Report of the 
Board of Directors for the fiscal year ending April 30, 1918, was presented 
as published in full in the June 1918 issue of the Proceedings. The 
Tellers Committee presented its report upon the election of officers for 
the year beginning August 1, 1918. 

Directly following the business meeting came the ceremony of the 
presentation of the Edison Medal to Colonel John J. Carty. 

Annual Convention.—The Thirty-fourth Annual Convention was held 
at Atlantic City on June 26 to 28, 1918. This was strictly a business 
meeting at which 15 technical papers were presented at five sessions. 
Several meetings of the Section Delegates were held. Major General 
Black delivered an address on “Engineers and the War.” 

October Meeting.—The 342nd Institute meeting, scheduled to be held 
at Philadelphia, October 11 and 12, 1918, was cancelled on account of 
the influenza epidemic. Presentation of the technical papers was post¬ 
poned until the meeting of December 13, 1918. 

New York Meeting.—The 343rd Institute meeting was held in New 
York on November 8, 1918 under auspices of the Industrial and Do¬ 
mestic Power Committee. 

Toronto Meeting.—The 344th Institute meeting was held in Toronto, 
Ontario on November 22 and 23, 1918. Three technical papers were 
presented on power installations and developments in Ontario and Quebec. 
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Philadelphia Meeting. —The 345th Institute meeting was held in 
Philadelphia on December 13,1918. Two technical papers were presented 
and two addresses on Research. 

New York Meeting. —The 346th Institute meeting was held in New 
York on January 10, 1919. The evening was devoted to an address by 
Major General Squier on aeronautics. 

Mid-Winter Convention. —The Seventh Mid-Winter Convention was 
held in New York on February 19 to 21, 1919. Attendance exceeded 
1300. Four technical sessions were held and fifteen papers presented. 
The first session was held jointly with the A. I. M. E. A complete report 
of this convention was published in the March 1919 Proceedings. 

Boston Meeting.—The 34$th Institute meeting was held at Boston 
on March 14, 1919. Morning, afternoon and evening sessions were held 
at which three technical papers and several addresses were presented on 
widely divergent topics. 

New York Meeting .—The 349th Institute meeting was a joint meeting 
with the Illuminating Engineering Society held at New York on April 
11, 1919. One paper was presented on the subject of Lighting Codes. 

Meetings and Papers Committee,—The Meetings and Papers Commit¬ 
tee has held meetings every month at the time and place of the regular 
meetings of the Institute held during the past year as referred to above. 
At these Committee meetings the programs of the Institute meetings 
were planned and the various papers offered for presentation and the 
policy of the Committee were discussed. The policy of the Committee 
has been to continue the practise of holding some meetings outside of 
New York; one was held in Toronto in November, one in Philadelphia 
in December, and one in Boston in March. 

At the beginning of the fiscal year the Committee found that owing 
to the war activities of the membership it was very difficult to get good 
papers, but with the cessation of war activities a considerable number 
of desirable papers were offered. After completing plans for all the meet¬ 
ings through and including November 1919, a considerable number of 
papers is still available. In fact there is material available for some Sec¬ 
tion meetings, which the- Committee would like to encourage in order 
that certain papers well worthy of presentation may be presented at an 
earlier date than would be the case if they had to wait for the regular 
Institute meetings. 

A Pacific Coast Convention, to be held in Los Angeles in September 
1919, has been authorized. 

Technical Activities. —The Board of Directors’ Committee on Tech¬ 
nical Activities was appointed for the purpose of co-relating the work 
of the various Technical Committees and to bring about the adoption 
of programs of work for the Committees to undertake, which might prove 
of advantage to the Institute. In the past the Technical Committees 
have been mainly concerned with securing papers for meetings and with 
few exceptions there have been no other activities. It has been realized 



REPORT OF BOARD OF DIRECTORS 


1761 


for a long time that there were other fields that the Technical Com¬ 
mittees could work in to the advantage of the Institute. Some commit¬ 
tees had already undertaken programs mainly with the object of preparing 
statements of existing successful practise for the guidance of people in¬ 
terested in various industries, but in the past it has not always been 
possible to carry out such programs, as there was no system for insuring 
the continuity of such action. The Board’s Committee has communi¬ 
cated with the Chairmen of Technical Committees during the year and 
there has been an increase in the amount of work undertaken by these 
committees. The Industrial Power Committee has had for sometime a 
large program which is being worked out, and the other committees have 
started work along somewhat similar lines, such as the Iron and Steel 
Committee, which is preparing to summarize the successful practise of 
the Iron and Steel Industry with regard to electrical installations; the 
Marine Committee which has been engaged in preparing proposed in¬ 
stallation rules for which there is at present a great need, and others 
of the Committees are engaged on similar useful programs which will 
be presented to the Institute either in the form of papers or reports. 

The Annual Reports of the sixteen technical committees of the In¬ 
stitute will be presented at the Annual Convention of the Institute in 
June 1919, and will probably be printed in the July or August issues of 
the Proceedings. 

Editing Committee. —The Editing Committee has jurisdiction over the 
publication of the annual Transactions and has been engaged with 
Volume XXXVII covering the year 1918. This volume will be published 
in two parts, Part I is completed and Part II is now in the bindery. The 
volume contains approximately 2000 pages and 87 plates of half-tone 
illustrations, comprising papers and discussions presented at Institute 
meetings during the year. 

Sections Committee. —The year ending May 1st witnessed the crest 
of the wave of American activity in the great war. It is then not sur¬ 
prising that it should include the slight resulting depression in attendance 
at the meetings of the various sections of the Institute indicated in the 
table below. 

Whether drawn from the lessons of the hour regarding the value of 
co-operation or led by some other inspiration, the tendency in section 
affairs during the year has been that of continued development in the 
direction of affiliation with the sections of other technical societies. This 
has resulted not only in the highly desirable objective of greater co-opera¬ 
tion and unity among engineers, but has also placed the engineer in higher 
standing with his community by his greater participation in civic and 
municipal affairs in those centers where such affiliation has been under¬ 
taken. 

The Sections Committee, encouraged by the well established policy 
of the Institute which has long aimed to develop this co-operation, ap¬ 
pointed at their conference at Atlantic City last June, a committee to 
study existing methods and formulate suggestions for the guidance of 
all sections so located as to make such affiliation profitable. 
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This committee, now working in conjunction with the general committee 
on the development of Institute activities, should be able to tender a 
helpful report at the meeting of the sections delegates next month. The 
sections at Atlanta, Chicago, Milwaukee, St. Louis, Spokane, Indian¬ 
apolis, Philadelphia, Portland, Ore., and San Francisco, now well estab¬ 
lished in this plan of affiliation should find numerous additions to their 
ranks as time progresses. 

The activities of the Student Branches have continued to be materially 
modified by the war conditions, notably by the organization of the 
Students Army Training Corps. A considerable number of the Branches 
have been inactive during the greater portion of the year, but since 
January 1, many have reorganized and are now active; all will probably 
resume normal activity by next Fall. 

Two new Branches were authorized during the year at the University 
of Pennsylvania and Drexel Institute. 




For Fiscal Year Ending 





May 1 
1914 


May 1 
1916 

May 1 
1917 


May 1 
1919 

Sections 

Number of Sections. 

29 

30 

31 

32 

32 

34 

34 

.Number of Section meetings 








held. 

244 

233 

246 

251 

265 

245 

217 

Total Attendance. 

22,825 

22,626 

23,507 

28,553 

31,299 

34,614 

25,837 

Branches 

Number of Branches. 

47 

47 

' 

52 

54 

59 

59 

61 

Number of Branch meetings 
held. 

357 

306 

328 

360 

368 

268 

156 

Attendance. 

11,808 

11,617 

12,712 

15,166 

16,107 

10,683 

6,441 


Standards Committee.—The Standards Committee has held during 
the year six regular monthly meetings, one special meeting, and a joint 
meeting with the U. S. National Reorganization of Work. 

In order to expedite the work of the Committee, the entire system of 
subcommittees has been reorganized so that all detail consideration of 
changes in standards and other technical affairs is now referred in each 
case to a specific sub-committee. Action by the Standards Committee 
is taken only after receiving recommendations from a subcommittee. A 
large amount of detail discussion has thus been eliminated. There are at 
present twenty-four of these sub-committees. 

Revision of the General Form of the Standardization Rules. —-A large 
share of the time of the Standards Committee during the past year has 
been devoted to a consideration of changes in the form and arrangement 
of the Standardization Rules. This matter has been in the hands of the 
Subcommittee on the Form hut not the Substance for some time past and a 
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general system of revision by which the Standardization Rules are divided 
into chapters was reported and has been adopted. 

Changes in Substance of the Present Rules .—It is hoped to complete 
the full text of this revision of the form of the Standardization Rules 
this year. A few minor changes of substance will be included. 

A revised chapter covering Lighting and Illumination and based on the 
latest rules of the Illuminating Engineering Society has been recommended 
by the Subcommittee on Lighting and Illumination and substituted for 
the present chapter. 

Cooperation with the General Committee on Standardization of Electrical 
Equipment and Supplies of the War Department. —At the request of Major 
N. J. Neall, Chairman of the above Committee, that the Standards 
Committee should cooperate with the General Committee of the War 
Department in the preparation of specifications, the Standards Committee 
voted to render all possible assistance through its subcommittees. Dr. 
P. G. Agnew was appointed a special subcommittee to further this work 
which has been carried on throughout the year. Very effective assistance 
has been rendered the War Department Committee. 

Joint Meeting with U. S. National Committee of the I. E. C.—At a joint 
meeting of the U. S. National Committee of the I. E. C. and the Standards 
Committee it was decided to recommend the early reappointment of the 
subcommittee of the I. E. C. on Rating, to meet preferably in Paris. 
Professor C. A. Adams, Mr. H. M. Hobart and C. O. Mailloux will 
represent the Institute. These representatives while abroad will also 
take up with the Rating Panel of the British Engineering Standards 
Association the actions taken and suggestions made by the Standards 
Committee. 

American Engineering Standards Committee. —The consideration of 
suggested changes in the Constitution and Rules of Procedure made it 
necessary to continue the organization committee until May 1918, when 
a revised draft of the Constitution and Rules of Procedure was agreed 
upon and sent to the five appointing societies (A. S. C. E., A. I. M. M. E., 
A. S. M. E., A.‘ I. E. E., and A. S. T. M.) for their approval. This 
approval was received from all of the societies, and representatives 
appointed by each met on October 19th, 1918, and organized the American 

Engineering Standards Committee. 

Soon after organization it became evident that the Committee must be 
enlarged in order to secure the cooperation of several important organiza¬ 
tions engaged in standardization work. This fact was emphasized by 
the action of a conference held in Washington, January 15, 1919, to 
consider the method of developing and approving Industrial Safety Codes. 
At this conference it developed that the principal organizations would not 
cooperate with this Committee unless they had direct representation on 
it. Such representation is not possible under the present Constitution, 
so after careful consideration the Committee has decided that an increase 
in. its membership is desirable. It will therefore be necessary to make 
further changes in the Constitution. Such a revision has been drafted 
and approved by the Committee and will be submitted to the five Founder 
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This committee, now working in conjunction with the general committee 
on the development of Institute activities, should be able to tender a 
helpful report at the meeting of the sections delegates next month. The 
sections at Atlanta, Chicago, Milwaukee, St, Louis, Spokane, Indian¬ 
apolis, Philadelphia, Portland, Ore., and San Francisco, now well estab¬ 
lished in this plan of affiliation should find numerous additions to their 
ranks as time progresses. 

The activities of the Student Branches have continued to be materially 
modified by the war conditions, notably by the organization of the 
Students Army Training Corps. A considerable number of the Branches 
have been inactive during the greater portion of the year, but since 
January 1, many have reorganized and are now active; all will probably 
resume normal activity by next Fall. 

Two new Branches were authorized during the year at the University 
of Pennsylvania and Drexel Institute. 



For Fiscal Year Ending 

May 1 
1913 

May 1 
1914 


May 1 
1916 


May 1 
1918 

May 1 
1919 

Sections 








Number of Sections... 

29 

30 

31 

32 

32 

34 

34 

Number of Section meetings 








held. 

244 

233 

246 

251 

265 

245 

217 

Total Attendance. 

22,825 

22,626 

23,507 

28,553 

31,299 

34,614 

25,837 

Branches 








Number of Branches. 

47 

47 

52 

54 

59 

59 

61 

Number of Branch meetings 








held. 

357 

306 

328 

360 

368 

268 

156 

Attendance. 

11,808 

11,617 

12,712 

15,166 

16,107 

10,683 

6,441 


Standards Committee. —The Standards Committee has held during 
the year six regular monthly meetings, one special meeting, and a joint 
meeting with the U. S. National Reorganization of Work. 

In order to expedite the work of the Committee, the entire system of 
subcommittees has been reorganized so that all detail consideration of 
changes in standards and other technical affairs is now referred in each 
case to a specific sub-committee. Action by the Standards Committee 
is taken only after receiving recommendations from a subcommittee. A 
large amount of detail discussion has thus been eliminated. There are at 
present twenty-four of these sub-committees. 

Revision of the General Form of the Standardization Rules. —A large 
share of the time of the Standards Committee during the past year has 
been devoted to a consideration of changes in the form and arrangement 
of the Standardization Rules. This matter has been in the hands of the 
Subcommittee on the Form but not the Substance for some time past and a 
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general system of revision by which the Standardization Rules are divided 
into chapters was reported and has been adopted. 

Changes in Substance of the Present Rules. —It is hoped to complete 
the full text of this revision of the form of the Standardization Rules 
this year. A few minor changes of substance will be included. 

A revised chapter covering Lighting and Illumination and based on the 
latest rules of the Illuminating Engineering Society has been recommended 
by the Subcommittee on Lighting and Illumination and substituted for 
the present chapter. 

Cooperation with the General Committee on Standardization of Electrical 
Equipment and Supplies of the War Department. —At the request of Major 
N. J. Neall, Chairman of the above Committee, that the Standards 
Committee should cooperate with the General Committee of the War 
Department in the preparation of specifications, the Standards Committee 
voted to render all possible assistance through its subcommittees. Dr. 
P. G. Agnew was appointed a special subcommittee to further this work 
which has been carried on throughout the year. Very effective assistance 
has been rendered the War Department Committee. 

Joint Meeting with U. S. National Committee of the I. E. C.—At a joint 
meeting of the U. S. National Committee of the I. E. C. and the Standards 
Committee it was decided to recommend the early reappointment of the 
subcommittee of the I. E. C. on Rating, to meet preferably in Paris. 
Professor C. A. Adams, Mr. H. M. Hobart and C. O. Mailloux will 
represent the Institute. These representatives while abroad will also 
take up with the Rating Panel of the British Engineering Standards 
Association the actions taken and suggestions made by the Standards 
Committee. 

American Engineering Standards Committee. —The consideration of 
suggested changes in the Constitution and Rules of Procedure made it 
necessary to continue the organization committee until May 1918, when 
a revised draft of the Constitution and Rules of Procedure was agreed 
upon and sent to the five appointing societies (A. S. C. E., A. I. M. M. E., 
A. S. M. E., A. 4 ' I. E. E., and A. S. T. M.) for their approval. This 
approval was received from all of the societies, and representatives 
appointed by each met on October 19th, 1918, and organized the American 

Engineering Standards Committee. 

Soon after organization it became evident tha.t the Committee must be 
enlarged in order to secure the cooperation of several important organiza¬ 
tions engaged in standardization work. This fact was emphasized by 
the action of a conference held in Washington, January 15, 1919, to 
consider the method of developing and approving Industrial Safety Codes. 
At this conference it developed that the principal organizations would not 
cooperate with this Committee unless they had direct representation on 
it. Such representation is not possible under the present Constitution, 
so after careful consideration the Committee has decided that an increase 
in its membership is desirable. It will therefore be necessary to make 
further changes in the Constitution. Such a revision has been drafted 
and approved by the Committee and will be submitted to the five Founder 
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Societies for their approval during the month of May 1919. It is expected 

that this revision will enable the Committee to begin active work in the 
near future. 


Public Policy Committee. —The Public Policy Committee, during the 
administrative year about to close, has held itself in readiness to take up 
any matters which might be referred to it by the Institute authorities, 
but has not initiated any recommendations. The reason for the in¬ 
activity of the Committee is that for the last two years the several matters 
which would have naturally been acted upon by it have been considered 
by Engineering Council. 


Committee on Safety Codes. —The Committee on Safety Codes has 
continued to represent the Institute on the Electrical Committee of the 
National Fire Protection Association, and representatives attended the 
meeting of the N. F. P. A. Committee in New York in March, this being 
the intermediate meeting, at which was discussed the various features of 


the Electrical Code, in preparation for the regular biennial meeting in 
1920, at which time changes in the Code are officially made. 

The Committee was represented at the conference in Washington with 
the Bureau of Standards, for the purpose of discussing matters relating 
to the American Engineering Standards Committee, and the desirability 
of the writing of an Industrial Safety Code. 

The Committee has been active during-the year on routine matters of 
a code nature, with the N. E. L. A. 


The first part of the fiscal year the Committee was more or less inactive, 
due to war conditions, but since the signing of the armistice inter- 
association matters have revived, and almost all the activities of the 
Committee occurred in the last quarter of the year. 


Board of Examiners.—The Board of Examiners during the year held 
sixteen meetings, averaging about two and one-half hours each. It 
considered and referred to the Board of Directors a total of 2111 applica¬ 
tions for admission or transfer to the higher grades. 

Some applicants for admission were objected to on ethical grounds. 
Although the number of such cases was small, considerable time was 
required for the necessary investigations; adverse action was taken in a 
few such cases. The Board continued the practise of requiring question¬ 
able applicants to furnish proof of loyalty to the ideals of the United States. 

The result of the Board s work for the year is given in the following 
tabulated statement: 


Applications for Admission 

Recommended for grade of Associate.. 

Not recommended.. 

Recommended for grade of Member. 

Not recommended for admission to this grade. 

Recommended for grade of Fellow. 

Not recommended for admission to this grade. 

Recommended for enrolment as Students........... 


.1213 

9 

1222 

. 87 


. 23 

110 

4 

1 

5 


659 
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Applications for Transfer 


Recommended for grade of Member. 81 

Not recommended for transfer to this grade. 19 100 

Recommended for grade of Fellow. 12 

Not recommended for transfer to this grade. 3 15 

Total number of applications considered. 2111 

Applications reconsidered. 6 

Total. 2117 


Membership. —Sixteen hundred and ninety-five applications for 
membership in the Institute have been received this year, which is by 
far the largest number ever received in any one year. The nearest 
approach to this was for the year ending May 1, 1918, when 1235 applica¬ 
tions were received. 

A printed list of reasons why a man should become a member of the 
Institute was printed for distribution to desirable candidates. Several 
thousand of^these were called for by the Sections. 

The Membership Committee feels that new members should be ob¬ 
tained at an increasing rate to keep pace with the industry. 

The 10,000 mark has been passed, the membership of the Institute as 
of May 1, 1919, being 10,352. This shows a net increase of 1070 members 
since May 1, 1918, approximately twice the net increase of the previous 
year, which was 572-. 

During the five years ending May 1, 1917, the net increase was only 
1251; the total applications received in these five years, 2440. These 
figures emphasize the greatly increased activity of the past two years. 


Honorary 


Membership, April 30, 1918. 


Additions: 

Transferred. 

New Members Qualified 
Reinstated. 

Deductions: 

Died. 

Resigned. 

Transferred. 

Dropped. 


Membership, April 30, 1919 .. 


Fellow 

Member 

Associate 

464 

1332 

7480 

24 

88 

• * • • 

6 

84 

1221 

4 

7 

55 

4 

7 

66 

1 

4 

■ 77 

* • « • 

18 

94 


15 

229 

489 

1467 

8290 


Total 


9282 


10252 


Net increase in membership during the year. 
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Deaths. —The following deaths have occurred during the year: 

Fellows —A. O. Benecke, M. H. Collbohm, W. L. Hooper, C. R. McKay. 

Members —George E. Claflin, *F. J. Duffy, Charles H. Hile,W. J. Jenks, 
Etna Kuhlman, Frank I. Porter, 0. 0. Rider. 

Associates —E. G. Anderson, H. F. Anderson, Arthur S. Andrews, 
Samuel Avis, G. R. Baker, *Remson Bishop, John Bottomley, Ralph E. 
Brown, W. B. Burbeck, *E. W. Caldwell, J. J. Campbell, Eric Carlson, 
*LucianCarr, *W. W. Crawford, E.W. Currier, Harry L. Curtis, *R.F.Day, 
Edward D. Donald, *John J. Donnohue, Hugh H. Emery, E. B. Fahnes¬ 
tock, I. Fujioka, John D. Gaboury, W. K. Greenwood, John Hanover, 
Vernon E. Hess, W. Lesniewski, Edward Lineberry, Claudius B. Little, 
*George Mac Indoe, J. A. MacQueen, Glen W. Merrill, ^Charles J. 
Moore, A. F. Moray, *N. I. Moultrop, H. P. Myers, Archie Oakes, 
B. A. Ordonez, C. H. Parmly, D. H. Plank, James M. Poyner, H. E. 
Randall, Jr., 0. B.Reynolds, E. M. Rhett, Arnold Ruegg, Owen Samsel, 
Charles P. Seeger, S. V. Setti, *D. A. Shanks, C. F. Shipman, Charles F. 
Sise, *J.C. M. Small, Herbert E. Smith, Alan Smout, C. W. Steiner, John 
F. Stevens, S. Sugiyana, T. R. Taltavall, Ralph E. Thomas, *A. R. 
Thompson, Stuart Thomson, L. J. Vogel, H. Webber, F. S. Wheeler, 
Richard M. Wilson, Minor I. Woodward, N. R. Work. # 

Total deaths, 77. *Died in U. S. Service. 

. Employment Service.—An employment service has been maintained 
for many years at Institute headquarters for the purpose of assisting 
members in obtaining positions. The services of the Institute consist 
principally in acting as a medium for bringing together the employer and 
the employee. No charge is made. 

The engineering service bulletin is published each month in the Institute 
Proceedings and it has served to place many men in 'positions of 
responsibility, both in this country and abroad. The bulletin is sub¬ 
divided into two parts: one containing announcements of vacancies, and 
the other containing lists of men available, with condensed records of 
their experience. The value of this service to the membership will 
continue to increase from year to year as men of engineering and ex¬ 
ecutive responsibility realize the opportunity afforded by it to reach tech¬ 
nical men whom it would be difficult to find through other channels. 

Demobilization greatly increased the number of men available, while 
the number of positions open has greatly decreased. The service has 
been extended without charge to non-members who are or have been in 
the service of the Army or Navy. An effort has been made to keep 
those men on the available file in closer touch with positions open than 
heretofore possible when dependence was alone placed on the Service 
Bulletin of the Proceedings, by issuing to them when deemed ad¬ 
visable, a list of the opportunities on file. 

The Institute s employment service is coordinated with that of other 
organizations, through the medium of the Engineering Societies Employ¬ 
ment Bureau, organized under the auspices of the Engineering Council 
and conducted under the direction of the secretaries of the national 
societies of Civil, Mining, Mechanical, and Electrical Engineers, 
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Development of the Institute.—In October 1918 the Board of Directors 
authorized the appointment of a Committee on Development to consider 
suggested or proposed modifications in the activities and methods of 
work of the Institute, including the relations of the Institute to other 
organizations. This action was taken with a view to making a survey 
of, and adjusting, the work of the Institute, having in mind the rapidly 
changing social, economic, and industrial conditions. 

Each Section of the Institute was requested to designate a member 
of this Committee; and these representatives of Sections, together with 
seven additional members appointed by the President, constitute the 
Committee, which has been actively at work for several months. The 
membership was urged to submit suggestions and most of the Sections 
have held at least one meeting for the purpose of discussing the subject. 
On account of the wide geographical distribution of the membership, 
no meetings of the entire Committee have been held, but the representa¬ 
tives of the Sections have made reports to an Executive Committee of 
seven members of the Development Committee. • This Executive Com¬ 
mittee has held two meetings, at which numerous suggestions from the 
membership throughout the country have been considered. The principal 
features of these suggestions representing the consensus of the views 
expressed, dre being compiled by the Executive Committee for furthei 
consideration by the members of the general Committee; and the whole 
subject will be thoroughly considered and discussed in conferences to be 
held under the auspices of the Development Committee at the Annual 
Convention of the Institute in June, after which it is expected that a 
report, embodying definite recommendations, will be presented to the 

Board of Directors. 

War Activities.—The Institute continued during the past year in active 
cooperation with the various government departments and agencies en¬ 
gaged in war work as listed in the Report of the Board of Directors for 

1918. 

The work in furtherance of Allied victory in which the Institute aided 
during the period from May 1918 to the signing of the armistice included 
cooperation in obtaining personnel for many branches of service, as follows, 
candidates for the 4th series of Officers Training Schools, for Submarine 
Service, for the Coast Artillery Corps and the Forest Service; specially 
trained men for work in the Bureau of Mines and to act as instructors in 
the various army training schools; for the U. S. Navy Steam Engineering 
School at Stevens Institute and for commissions in the Ordnance Dept. 

The compilation and correction of the Institute's Honor RolJ has been 
continued until from all information at hand it shows a total of 1417 
members have served in the uniformed forces of the United States and 
the Allies of which number 21 died in service. Practically all of the 1417 
members voluntarily entered the service and it is particularly gratifying ^ 
to note the large proportion of officers, as given in the summary. A 
large proportion of these officers received their commissions, or were 
inducted into the service as a result of calls made upon the Institute by 
various departments of the Army and Navy. 
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SUMMARY 


U. S. Army 


U. S. Navy 


Major Generals. 

7 

Rear Admirals. 

1 

Brigadier Generals. 

5 

Captains. 

1 

Colonels. 

9 

Commanders... 

6 

Lieut. Colonels. 

... 23 

Lieut. Commanders. 

. 9 

Majors. 

... 110 

Lieutenants. 

. 45 

Captains. 

. .. 219 

Lieutenants (j. g.).. 

. 72 

First Lieutenants. 

... 199 

Ensigns. 

. 75 

Second Lieutenants. 

... 162 

Miscellaneous. 

. 75 

Sergeants. 

. .. 34 



Corporals. 

. .. 17 

Total. 

. 284 

Miscellaneous. 

... 267 

U. S. Marine Corps 




Lieutenants. 

. 3 

Total. 

. ..1052 

Private. 

1 

• 


Total...... 

4 


Allied Forces 


British Army. 

... 63 

Italian Army. 

1 

British Navy. 

... 6 

Japanese Navy... 

1 

French Army. 

... 6 




Total. 77 

Total on Honor Roll.1417 

U. S. Rational Committee, International Electrotechnical Commission.— 
The U. S. National Committee of the I. E. C. held a joint meeting with 
the Standards Committee in Philadelphia, December 12, 1918, at which 
resolutions were adopted favoring the resumption of I. E. C. activities, 
and recommending the early reappointment of a subcommittee of the 
I. E. C. on Rating, to meet preferably in Paris, for the purpose of con¬ 
sidering certain communications from the French Committee, particularly 
in regard to I. E. C. rules on Temperature Elevations of Machinery. 

At this meeting, the printing of the I. E. C. Rating Rules as an ap¬ 
pendix to the 1918 edition of the A. I. E. E. Standardization Rules, was 
suggested and authorized. 

The following documents have been received from the General Secre¬ 
tary and distributed among the members of the U. S. Nationa ]Committee: 

(1) The Annual Report of the Honorary Secretary (Colonel Crompton) 

for the year 1918. 

(2) A communication from the French Committee regarding a term for 

the unit of “Reactive Power.” 

(3) A list of Statutes of the I. E. C. 

(4) A communication from the Dutch Committee in regard to an in¬ 
ternational standard of comparison of aluminum. 

The U. S. National Committee will be represented by Messrs. C. A. 
Adams, H. M. Hobart, and C. 0. Mailloux at a meeting of the I. E. C. 
Special Committee on Rating, at Paris, May 5-7, 1919. ‘ 

It is believed that the conventions of I. E. C., interrupted for more 
than four years by the war, will now be resumed. 
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American Engineers Go To France.—At the invitation of the French 
Society of Civil Engineers and a committee of the French Engineers’ 
Congress, and with the approval of the French government, a delegation 
of American engineers was appointed to study with French engineers 
problems involved in the industrial rehabilitation of France; such as, 
utilization of commercial ports, the development of navigable waterways, 
the development of water power, improvement of road systems, and 
many other questions of development. 

Immediately on receipt of the invitation a delegation was organized 
representing the American national societies. The Executive Committee 
of the Institute selected Lewis B. Stillwell as the A. I. E. E. representa¬ 
tive. The complete delegation, which sailed from New York on Decem¬ 
ber 5, 1918, was, as follows: » Messrs. James F. Case, Chairman, Geo. 
W. Fuller, A. M. Hunt, Nelson P. Lewis, Charles T. Main, E. Gybbon 
Spilsbury, Lewis B. Stillwell, George F. Swain, and George W. Tillson. 

On the evening of February 10, 1919 a joint meeting of the four Founder 
Societies was held in the Engineering Societies Building, New York, at 
which the delegates presented informal reports, abstracts of which were 
published in the Proceedings for March, 1919. 

United Engineering Society.—This Society performs for the national 
societies of Civil, Mining, Mechanical, and Electrical Engineers, certain 
specific acts which are governed by contracts; the primary function of 
the United Society being to hold in trust and to administer for these 
societies the Engineering Societies Building, in which the headquarters 
of the national societies are located. 

Extracts from the annual financial report of the United Engineering 
Society were published in the April 1919 Proceedings. 

Library.—The library of the Institute is combined with the libraries of 
the national societies of civil, mining, and mechanical engineers, adminis¬ 
tered as the “Engineering Societies Library under the direction of the 
Library Board of the United Engineering Society; this board is composed 
of representatives of each of the four societies referred to above. 

In order to place the facilities of the library at the disposal of persons 
residing at a distance from New York, a Library Service Bureau has been 
established, and a staff of expert searchers and translators is employed to 
cover almost any engineering topic, in the following manner: abstracting, 
translating, bibliographing, statistical searches and reports, searches for 
patent purposes, copying, preparing reference cards, etc. ^ 

An abstract of the annual report of the Engineering Societies Library 
covering the calendar year 1918, was published in the April 1919 
Proceedings. 

Engineering Council.—The Engineering Council represents the result 
of an organized effort inaugurated in the latter part of 1916 by the national 
societies of Civil, Mining, Mechanical, and Electrical Engineers, to 
establish an instrument through which united action could be brought 
about upon matters of common interest to engineers and which would 
serve as a connecting medium between the engineer and the public welfare 
in matters of interest to the engineering profession. The first meeting ot 
the Council was held on June 27, 1917. 
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For details regarding the field, aims, and activities of the Council, 
members are referred to the numerous statements published from time to 
time in the monthly Institute Proceedings. A resume of the annual 
report covering the activities of the Council for the year ending February 
13, 1919, was published in the April 1919 Proceedings. 

Engineering Foundation.—The Engineering Foundation is a fund 
established by the United Engineering Society on January 27, 1915, 
through the generosity of Mr. Ambrose Swasey, of Cleveland. 

The purpose of the Engineering Foundation is the advancement of the 
engineering arts and sciences in all their branches to the greatest good of 
the engineering profession and the good of mankind, which it is proposed 
to accomplish largely through the promotion of engineering research. 

The Engineering Foundation is administered by a board upon which 
the Institute and other national engineering societies are represented. 
The annual report of the Engineering Foundation was also published in 
the April 1919 Proceedings. 

Representatives.—The Institute has continued its representation upon 
various national committees and other local and national bodies with 
which it has been affiliated in past years, and in addition has appointed 
representatives upon a number of new organizations, some of the more 
recent being the Engineering Division of the National Research Council, 
and the American Bureau of Welding. 

Edison Medal.—The Edison Medal for 1917, which had been awarded 
to Col. John J. Carty “for his work in the science and art of telephone 
engineering” was presented to Col. Carty with appropriate ceremonies at 
the Annual Meeting of the Institute held in New York on May 17, 1918. 
The Edison Medal for 1918, has been awarded to Benjamin G. Lamme 
“for invention and development of electrical machinery,” and the presen¬ 
tation will take place at the Annual Meeting of the Institute which will be 
held in New York on May 16, 1919. 

John Fritz Medal.—The John Fritz Medal Board of Award which is 
composed of representatives of the national societies of Civil, Mining, 
Mechanical and Electrical Engineers awarded the 1919 medal to General 
George W. Goethals, the builder of the Panama Canal. The presentation 
will take place at the Engineering Societies Building in New York on 
May 22, 1919. 

Finance Committee. During the year the committee has held monthly 
meetings, has passed upon the expenditures of the Institute for various 
purposes, and otherwise performed the duties prescribed for it in the 
Constitution and By-laws. 

Haskins and Sells, certified public accountants, have audited the books, 
and their report is included herein. 
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NEW YORK 

CHICAGO 

DETROIT 

SAINT LOUIS 

BOSTON 

CLEVELAND 

BALTIMORE 

PITTSBURGH 


HASKINS & SELLS 

CERTIFIED PUBLIC ACCOUNTANTS 

CABLE ADDRESS “HASKSELLS" 

30 BROAD STREET 
NEW YORK 


SAN FRANCISCO 
LOS ANGELES 
NEW ORLEANS 
SEATTLE 
DENVER • 
ATLANTA 
WATERTOWN 
LONDON 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

CERTIFICATE OF AUDIT 


We have audited the books and accounts of the American Institute pf 
Electrical Engineers for the year ended April 30, 1919, and 

We Hereby Certify that the accompanying General Balance Sheet 
properly sets forth the financial condition of the Institute on April 30, 
1919, that the Statement of Income and Profit & Loss for the year ended 
that date is correct, and that the books of the Institute are in agreement 

therewith. 

HASKINS & SELLS, 

Certified Public Accountants. 

New York, 

May 13, 1919. 
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AMERICAN INSTITUTE OF 

Exhibit A. General Balance Sheet 

Assets 

Real Estate: 

One-fourth Interest in United Engineering Society’s Real Estate, 


25 to 33 West 39th Street: * 

Land and Building. $472,500.00 

Real Estate Equipment. 14,292.79 

Total Real Estate.. $486,792.79 

Equipment: 

Library—Volumes and Fixtures... $ 39,847.55 

Works of Art, Paintings, etc.... 3,001.35 

Office Furniture and Fixtures. 12,428.68 

Total..!. $ 55,277.58 

Less Reserve for Depreciation.. 10,840.47 


Remainder—Equipment. 

Investments: 

Bonds—City of Wilmington, Delaware, 4*4%, 1934, Par Value 


^ $15,000.00. $ 15,782.05 

United States Third Liberty Loan, 4*4 % Bonds. 10,000.00 

Total Investments... 


Working Assets: 

Publications Entitled “Transactions,” etc. $ 12,599.00 

Paper and Cover Paper. 2,162.05 

Paper for Volume 37 and Advertising. 336.69 

Badges. 1,166.74 

Total Working Assets... 

Current Assets: 


...$ 14,916.68 

Accounts Receivable: 


Members for Past Dues.‘... 9,728.15 

Advertisers.. 678.80 

Miscellaneous Sales.... 3 gg 09 

Miscellaneous Printing and Subscriptions. 1,034.00 

Accrued Interest on Investments... 109.38 

Accrued Interest on Bank Balances. 284.59 

Total Current Assets.. 

Funds: 


Life Membership Fund 

Cash . $ 438.67 

Chicago, Burlington & Quincy Railroad Company 


Bonds, 4%, 1958, Par Value $5,000.00. 4,868.75 

Accrued Interest... . ^ 33.33 $ 


International Electrical Congress of St. Louis— 
Library Fund: 


Cash. 

New York City Bonds, 4*4%, 1957, Par Value 

$ 2 , 000 . 00 .... 

New York Telephone Company Bond, 4*4%, 1939, 

Par Value $1,000.00. 

Accrued Interest.. 


$ 137.61 

2,242.33 

878.75 

67.50 


Mailloux Fund: 


5,340.75 


3,326.19 


44,437.11 


25,782.05 


16,264.48 


27,139.69 


Cash. 

New York Telephone Company Bond, 4*4%, 1939.. 
Accrued Interest. 


$ 142.35 
1,000.00 
22.50 


Midwinter Convention Fund—Cash 


1,164.85 

135.89 


Total Funds.... 

Dues Paid in Advance International Electrotechnical 
Commission, London, England... 

Total... 


9,967.68 

250.00 

$610,633.80 
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ELECTRICAL ENGINEERS. 

April 30, 1919. 

Liabilities 

Current Liabilities: 

Accounts Payable—Subject to Approval by the Finance Com¬ 
mittee. $ 6,362.87 

Due United Engineering Society, Account Building Addition, 

Including Accrued Interest. 7,625.75 

Dues Received in Advance. 2,805.45 

Entrance Fees and Dues Advanced by Applicants for Member¬ 
ship. s . 455.50 


Total Current Liabilities.®. $ 17,249.57 

Fund Reserves: 

Life Membership Fund.^. $ 5,340.75 

International Electrical Congress of St. Louis—Library Fund.... 3,326.19 

Mailloux Fund.. 1,164.85 

Midwinter Convention Fund. 135.89 


Total Fund Reserves. 9,967.68 

Surplus: Per Exhibit “B"... 583,416.55 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 

Statement of Income and Profit and Loss. 

For the Year Ended April 30, 1919. 

Exhibit B. 


Revenue: 

Entrance Fees.. 

Dues. 

Students Dues. 

Transfer Fees....,. 

Advertising. 

Subscriptions...a. 

Sales of “Transactions,*' etc. 

Badges Sold. $3,285.75 

Less Cost. 2,387.83 


$ 7,225.00 
102,908.43 
4,044.00 
1,060.00 
10,641.33 
3,144.92 
2,954.80 

897.92 


Interest on Investments. 1,089.61 

Interest on Bank Balances. 936.40 

Exchange. 41.91 


Total 


$134,944.32 


Expenses: 

Meetings and Papers Committee: . 

Salaries... $ 5,940.00 

Binding and Mailing “Proceedings’*. 5,887.20 

Printing “Proceedings’*. 8,947.43 

Engraving “Proceedings”... 2,549.13 

Paper and Cover Paper. 8,342.44 

Envelopes. 882.18 

Stationery and Miscellaneous Printing.-...... 378.53 

General Expense. 348.03 

Meetings. 6,115.33 


Total 


$ 39,390.27 


Editing Committee: 

Volume No. 34.. $ 56.19 

Volume No. 35. 48.63 

Volume No. 36.•.. 4,721.88 

Volume No. 37. 7,062.51 


Total. $ 11,889.21 

Add Decrease in Inventory: 

April 30, 1918. $14,049.00 

April 30, 1919. 12,599.00 1,450.00 13,339.21 


Executive Department: 

Salaries. 

General Expense. 

Express. 

Postage...... 

Advertising. 

Stationery and Miscellaneous Printing 
Year Book and Catalogue. 


$ 19,805.00 
2,097.24 
371.17 
2,479.30 
3,371.90 
4,019.83 
4,597.61 


Total 


36,742.05 


Forward .. $ 89,471.53 

Total Revenue —(Forward). $134,944.32 
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$134,944:32 
$ 89,471.53 

$ 6,230.07 

81.11 
3,286.44 
2,340.00 
768.46 

12,706.08 


United Engineering Society: 

Assessment. 

Library Committee. 

Engineering Council. 

Total. 


General: 

Membership Committee. $ 1,647.34 

Finance Committee. 150.00 

Standards Committee. 1,005.49 

Code Committee. 30.00 

American Engineering Standards Committee. 600.00 

Committee on Institute Development. 71.00 

Annual Dues—International Electrotechnical Commission... 250.00 

President’s Special Appropriation. 331.72 

Honorary Secretary. 4,000.00 

John Fritz Medal Award. 55.89 

European Standards Committees—Conferences. 1,500.00 

Interest on United Engineering Society Building Addition 

Loan.. 556.95 

Miscellaneous Printing. 252.73 

Membership Classification. 771.75 

Amortization of Premium on City of Wilmington, Delaware, 

4K% Bonds of 1934. 52.14 11,275.01 

Total. $125,985.98 

Add: 

Increase in Accounts Payable—Subject to Approval by the 
Finance Committee, Expenses Undistributed at: 

May 1, 1.918... . * $ 6,304.01 

April 30, 1919. 6,362.87 58.86 

Total Expenses. $126,044.84 

Net Revenue . $ 8,899.48 


$ 4,800.00 
4,000.00 
3,733.36 

12,533.36 


Total Revenue —(Forward). 

Expenses —(Forward). 

Sections Committee: 

Sections Meeting. 

Branch Meetings.. 

Delegates Convention Expense. 

Salaries, New York Office. 

Stationery and Printing, New York Office 

Total. 


Profit and Loss Credits: 

Proceeds from Sale of Old Electrotypes. $ 440.30 

Refund of Payment to Pan American Engineering Society. 15.00 

Total. 455 - 3Q 

Gross Surplus for the Year . $ 9,354.78 

Profit and Loss Charges: 

Uncollectible Dues Written Off. $ 1,985.00 

Dues of Members in Military Service and in Countries Affected 

by the War, Written Off. 1,685.50 

Provision for Depreciation of Furniture and Fixtures. 1,489.35 

Adjustment of Inventory of April 30, 1918, of Library Volumes 

and Fixtures. 184.00 

Total. 5 > 343 - 85 

Net Surplus for the Year . $ 4,010.93 


Surplus, May 1,1918.. 
Surplus, April 30,1919 


579,405.62 

$583,416.55 
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AMERICAN INSTITUTE OP ELECTRICAL ENGINEERS 

Statement of Cash Receipts and Disbursements for Designated 
Purposes, for the Year Ended April 30, 1919. 


Exhibit C. 


Receipts: 

Life Membership Fund. 5216.68 

International Electrical Congress of St. Louis Library Fund—Interest 

and Royalties. 94.50 

Mailloux Fund—Interest. 45.00 

Midwinter Convention Fund—Interest. 6.54 


Total. 5362.72 


Disbursements: 

Life Membership Fund. 216.68 

Midwinter Convention Fund. 34 23 

Mailloux Fund. 70.00 

International Electrical Congress, San Francisco, 1915—refund of sub¬ 
scriptions . 40.50 


Total... 5361.41 


RECEIPTS AND DISBURSEMENTS PER MEMBER. 

During each fiscal year for the past eight years. 

Year ending April 30. 1912 1913 1914 1915 1916 1917 1918 1919 

Membership, April 30, each 


Fear. 7459 7654 7876 8054 8212 8710 9282 10352 

Receipts per Member.513.19 $13.45 514.08 514.06 513.62 513.30 513.17 13.05 


Disbursements per Member 12.44 15.57 12.86 13.54 13.74 12.75 11.99 12.79 


Credit Balance per Member 5 .75 *52.12 51.22 5 .52 *5 .12 5 .55 51.18 5 .26 
♦Deficit. 


* 

Respectfully submitted for the Board of Directors, 


New York, May 16, 1919. 


F. L. HUTCHINSON, Secretary. 
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INDEX 


OF 

A. I. E. E. TRANSACTIONS 

Vo]. XXXVIII, Parts I and II 


The main headings under which these synopses are classified were ar¬ 
rived at by a careful study of all the papers contributed since the organi¬ 
zation of the Institute. 

The method of making this classification may be called the automatic 
method, since it is created by sorting the papers themselves into groups 
and then naming the groups. 

Many papers fall naturally into several different groups and in such 
cases they are inserted under as many different heads as it is thought 

they rightfully belong. 

The classified synopses are designed for those searching for compre¬ 
hensive information on any given topic, while the subject index is intended 
for those looking up specific and definite data or information. 
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4. Insulation and Dielectric Phenomena. 
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10. Prime Movers and Steam Boilers.*. 
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2. GENERAL THEORY 


THE GENERAL EQUATIONS OF THE ELECTRIC CIRCUIT—III. 

VARIATION OF CONSTANTS, r, L, C AND g, AND ITS EFFECTS 

C. P. Steinmetz Vol. xxxviii—1919, pp. 191-260 

In the usual theory of transients the assumption is made, that re¬ 
sistance, inductance, capacity and conductance are constant. This 
however, is not correct, and as the result thereof, it was not possible to 
theoretically investigate, and numerically calculate the dissipation of 
high-frequency disturbances, the flattening of the wave fronts of impulses, 
the rounding off of steep waves, etc., with the time and the distance of 
travel, and therefrom to determine the distance, to which the danger 
from such disturbances extends, and to investigate the conditions of line 
construction, which limit the danger zone of such phenomena to the 
smallest local extent. 

In the following, two of the foremost causes of change of the line 
constants with the equivalent frequency are investigated, the unequal 
current distribution in the conductor, and the electric radiation from the 
conductor. 

Equations of the line constants as function of the equivalent frequency 
are derived, and applications thereof made to a few problems. 

It is shown that in high-frequency conduction the section of the con¬ 
ductor is of little importance, but the circumference is the determining 
factor, except at very high frequencies, where size, shape, and material 
within certain limits— becomes of secondary importance. 

The conditions, which cause a flattening of steep wave fronts and im¬ 
pulses, and a rounding of irregular waves, are investigated. 

Eor convenience, the theoretical part has been separated and placed 
in an appendix, giving in the text the discussion, with numerous tables 
derived from the theoretical equations, and curves illustrating these 

tables. 

Discussion incorporated with that of paper by H. S. Osborne on 
“Review of Work of Sub-Committee on Wave Shape Standard of the 

Standards Committee.” 


THEORY OF THE TRANSIENT OSCILLATIONS OF ELECTRICAL NETWORKS 

AND TRANSMISSION SYSTEMS 


J. R. Carson 


Vol. xxxviii—1919, pp. 345-427 


The purpose of this research was to make a broad theoretical study 
of transient phenomena with a view to developing methods of calculation 
directly applicable to engineering problems. The investigation starts 
with the problem of formulating the current in an electrical network or 
transmission system in response to a suddenly applied e, m. ho ar i rary 
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SYNOPTICAL INDEX 


form. A simple formula is derived which expresses this current in terms 
of two independent functions: one, the applied e. m. f. expressed as a 
time function, and the other a characteristic function of the constants 
an connections of the system, this latter being termed the “indicial 
admittance” of the system. A systematic investigation of methods for 
solving and computing the indicial admittance follows, in the course of 
which original solutions for transmission and artificial lines are derived 
and a new method involving integral equations is developed. 

Discussion incorporated with that of paper by W. W. Crawford on 
1 Telephone Circuits with Zero Mutual Induction.” 

* 


ORDER AND AMPLITUDE OF HARMONICS IN VOLTAGE WAVE FORMS 

WITH INDICATING INSTRUMENTS 


Leslie F. Curtis 


Vol. xxxviii—1919, pp. 1179-1190 


The author presents a method for the determination of the order and 
percentage of the various components of an alternating wave of e. m. f., 
using indicating meters and other inexpensive apparatus. 

. Tw i ° samples are given. Oscillograms are.included to show interest- 
mg phenomena and to check the results of the calculations. 

The value of so-called standards for the indication of wave form is 
questioned. 

Discussion, pages 1191-1198, by Messrs. N. S. Diamant, J. C. Albert, 
D. J. Cone, H. A. Barre and L. P. Curtis. 

A general discussion on determination of harmonics. 


PREDETERMINATION OF SYNCHRONOUS PHASE-MODIFIER PERFORMANCE 

* ^ 


Hubert V. Carpenter 


Vol. xxxviii—1919, pp. 1223-1229 


The author reviews the method for showing the behavior of trans' 
mission lines first given by Perrine and Baum and then shows how it 
can be used m determining the eSect of the use of a synchronous motor 
operating without load for improving the power factor. 

The diagram given shows both the improvement in voltage regulation 

A® chan f e ln p0 7 er factor due to the phase-modifier for any assumed 
condition of loading for the transmission line. 

The errors of the method are discussed with methods for determining 

ouT magmtude ’ and the advan tages of the graphical treatment pointed 

T Pa T l 2 r 30 ' 1235 ’ b y Mess ^- H. B. Dwight, M. O. Bosier, 

bA Llg b,A P r P ' M - Dow nmg, J. H. Anderton, L. F. Curtis T F 
Wilson and H. L. Melvin. ’ J ‘ *• 

diagram. SS10n ^ Vaii ° US methods of determination including use of circle 


.REPORT ON ELECTROMAGNETIC INDUCTION 
S. J. Barnett __ 

. Vo1 * xxxviii—1919, pp. 1495-151! 

from^lTdays o^Tda^Co if** f ™ d ^ental results obtained 
^ * 3 01 -Faraday to the present time m studying the electro- 

induction!" 68 ° 1Danly ref6rred t0 thS d ° main of electromagnetic 
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Self-induction is first taken up. 

The motional electromotive force, developed when matter movse 
in a magnetic field, is next considered and is derived from Ampere’s law 
on the electron theory. 

The induced electromotive force in fixed conductors and insulators 
arising from the motion or alteration of other systems is next considered. 

The report closes with a treatment of unipolar induction in both so- 
called open and closed circuits, including brief descriptions of some of the 
principal experiments, a discussion of the theories involved, and their 
application to the unipolar generator. 

No discussion of this paper. 


SOME NEW FORMULAS FOR REACTANCE COILS 
H. B. Dwight Vol. xxxviii—1919, pp. 1675-1696 

Formulas are presented and derived, which have not been previously 
published, for mutual inductance of coils with parallel axes, repulsion of 
coils with parallel axes, and self-inductance of long cylindrical coils. 

These formulas, apply to practically all cases of reactance coils in 
common use. They are very convergent and accurate, and will give 
results to a given degree of accuracy with a minimum amount of labor. 

Sets of curves are given from which approximate readings may be taken. 

No discussion. 


INHERENT LIMITATIONS ON TRANSFORMATIONS POSSIBLE BY 

STATIONARY APPARATUS 


Joseph Slepian 


Vol. xxxviii—1919, pp. 1697-1711 


Expressions for electrostatic and electromagnetic energies, Joulian 
heat dissipation and power are given in complex quantities. . The pure 
imaginary part of the expression for power in a static network is shown to 
be equal to 2 CO times the difference between the mean electromagnetic 
energy and mean electrostatic energy. Use is made of this new principle 
in considering the problems of power-factor correction and phase splitting. 
It is shown that in general for phase transforming by static apparatus 
both magnetic and electrostatic storage of energy are necessary, and it 
is shown how the minimum amounts of each are determined by the load. 

The symmetry of the coefficients in the general equations for the 
steady state in a static network is demonstrated, and it is shown that 
limitations upon voltage and current transformations follow. The voltage 
regulation of any phase-splitting arrangement is considered. 

No discussion. 


STARTING CONDITIONS OF SYNCHRONOUS MACHINES 
A. Hay and F. N. Mowdawalla Vol. xxxviii-1919, pp. 1713-1755 

A detailed study of the behavior of the synchronous motor during 
what has always been regarded as a critical period viz. the period 
when the motor is being accelerated from rest to synchronous speed. 
Discussion , pages 1756-1757, by Q- Graham. 
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3. UNITS MEASUREMENTS AND INSTRUMENTS 


THE ABSOLUTE MEASUREMENT OF THE INTENSITY OF SOUND 


Arthur G. Webster 


Vol. xxxviii—1919, pp. 701-712 


Ihis paper includes a description of a series of acoustical researches 
extending over a period of twenty-eight years. The properties of vibrat¬ 
ing bodies and the subject of elastic hysteresis are discussed. Two 
fundamentally important instruments for the absolute measurement of 
sound have been developed and the theory given. The first is the 
standard of sound, called the phone, which is capable of reproducing at 
any time a sound of the simplest character and which permits the output 
of sound to be measured in watts of energy. The second is an instru¬ 
ment.called the phonometer for measuring a sound in absolute measure. 
This instrument is now practically as sensitive as the human ear. The 
determination of the space distribution of sound and of the effect of 
disturbing bodies, and the measurement of the reflecting coefficient of 
surfaces have been accomplished. The phonotrope is a third instrument 

designed and used to find the direction of a source of sound, for example 
a fog signal. 

Discussion , (including that of paper by A. E. Kennedy and H. 

Nukiyama), pages 713-723, by. Messrs. J. B. Taylor, T. E. Shea, B. A. 

Behrend, R. L. Jones, A. G. Webster, H. S. Osborne, A. Press and A. E. 
Kennedy. 

A general discussion including the algebraic theory of the receiver and 
the application of the circle diagram. 


UTILIZING THE TIME CHARACTERISTICS OF ALTERNATING CURRENT 


Henry E. Warren 


Vol. xxxviii—1919, pp. 767-781 


. ^ * nven tion. of a very small, simple and reliable self-starting 
synchronous motor, in conjunction with convenient means for regulating 
the average frequency of an alternating circuit, there has been developed 
a new field of usefulness for electric power. It is now feasible to drive all 
kinds of timing devices such as clocks, graphic instrument movements, 
time recorders, .etc., directly from the lighting circuits. Remarkable 
accuracy is obtained, and the amount of care is minimized by the elimina¬ 
tion of winding and regulating. 

No discussion. 


THE DIELECTRIC FIELD IN AN ELECTRIC POWER CABLE 


R. W. Atkinson 


Vol. xxxviii—1919,pp. 971-1016 


The data given pertain particularly to the field of .three-conductor 
three-phase cables when supplied with three-phase voltage, and are 
primarily the solution by physical measurements of some of the geometric 
problems of the three-conductor three-phase cable. 

"^ a ^ a a p en so ^ * s possible,, from electrical measurements on 
three-conductor, cable, to determine certain specific quantities as per¬ 
mittivity, resistivity, etc. of the dielectric of three-conductor cables in 
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the same way as can readily be done for single-conductor cables, from 
geometric considerations. 

Also, there is shown the potential and stress distribution in a three- 
conductor cable. 

Discussion (including that of paper by W. S. Clark and G. B. Shanklin), 
pages 1017-1036, by Messrs. H. W. Fisher, C. W. Davis, W. A. Del Mar, 
D. W. Roper, P. Torchio, H. L. Wallau, W. R. Atkinson, E. B. Meyer 

and G. B. Shanklin. 

A general discussion with particular emphasis on comparison of stresses 
in various types of cables. 


ORDER AND AMPLITUDE OF HARMONICS IN VOLTAGE WAVE FORMS WITH 

INDICATING INSTRUMENTS 


Leslie F. Curtis 


Vol. xxxviii—1919, pp. 1179-1190 


The author presents a method for the determination of the order and 
percentage of the various components of an alternating wave of e. m. f., 
using indicating meters and other inexpensive apparatus. 

Two examples are given. Oscillograms are included to show interest¬ 
ing phenomena and to check the results of the calculations. 

The value of so-called standards for the indication of wave form is 

questioned. 

Discussion , pages 1191-1198, by Messrs. N. S. Diamant, J. C. Albert, 
D. J. Cone, H. A. Barre and L. F. Curtis. 

A general discussion on determination of harmonics. 


4. INSULATION AND DIELECTRIC PHENOMENA 


IONIZATION OF OCCLUDED GASES IN HIGH-TENSION INSULATION 
G. B. Shanklin and J. J. Matson Vol. xxxviii—1919, pp. 489-536 

This paper deals with the ionization of occluded gases in solid insulation 
from the standpoint that these gas spaces aie the weakest part of an 
insulation design and should receive first consideration. The stress at 
which ionization starts in different types of built-up insulation, such as 
used in cables and coils, is measured and from these measurements a 
safe working stress determined. 

Discussion incorporated with that of paper by F. Dubsky on dhe 
Dielectric Strength of Air Films Entrapped in Solid Insulation and A 
Practical Application to the Problem for Alternator Coils and Cables." 


THE DIELECTRIC STRENGTH OF AIR FILMS ENTRAPPED IN SOLID 
INSULATION AND A PRACTICAL APPLICATION OF THE PROBLEM 
FOR ALTERNATOR COILS AND CABLES 


F. Dubsky 


Vol. xxxviii—1919, pp. 637-558 


An experimental investigation of the strength of air films of various 
thicknesses between glass plates. In the arrangement used, the break¬ 
down of the air or the starting point of corona could be readily observed. 
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Tests were also made of the dielectric strength of air films between other 
solid insulations. 

It was found that the dielectric strength of air films between insula¬ 
tions was practically the same as the dielectric strength of air films 
between conductors. 

The second part of the paper is devoted to the practical application of 
the data to the design of armature coils and cables, and several specific 
examples are given. 

Discussion (including that of paper by G.B. Shanklin and J. J. Matson), 
pages 559-575, by Messrs. H. G. Reist, L. W. Chubb, J. B. Whitehead, 

C. A. Adams, W. J. Foster, H. W. Fisher, R. E. Argersinger, C. F. Hard¬ 
ing, R. W. Atkinson, D. Du Bois, F. W. Peek, Jr., E. E. F. Creighton, 
J. J*. Matson, W. I. Middleton, E. W. Davis and F. Dubsky. 

A general discussion. 

HIGH-TENSION SINGLE-CONDUCTOR CABLE FOR POLYPHASE SYSTEMS 
W. S. Clark and G. B. Shanklin Vol. xxxviii—1919, pp. 917-969 

In this paper the dielectric, inductive and general line characteristics 
of three-conductor and single-conductor cable are compared. The 
advantages and disadvantages of each type of cable are brought out in a 
way that will aid in deciding the merits of individual problems. 

Discussion incorporated with that of paper by R. W. Atkinson on 
“The Dielectric Field in an Electric Power Cable.” 

THE DIELECTRIC FIELD IN AN ELECTRIC POWER CABLE 
R. W. Atkinson Vol. xxxviii—1919, pp. 971-1016 

The data given pertain particularly to the field of three-conductor 
three-phase cables when supplied with three-phase voltage, and are 
primarily the solution by physical measurements of some of the geometric 
problems of the three-conductor three-phase cable. 

Data are given so that it is possible, from electrical measurements on 
three-conductor cable, to determine certain specific quantities as per¬ 
mittivity, resistivity, etc. of the dielectric of three-conductor cables in 
the same way as can readily be done for single-conductor cables, from 
geometric considerations. 

Also, there is shown the potential and stress distribution in a three- 
conductor cable. 

Discussion (including that of paper by W. S. Clark and G. B. Shanklin), 
pages 1017-1036, by Messrs. H. W. Fisher, C. W. Davis, WJ A. Del Mar, 

D. W. Roper, P. Torchio, H. L. Wallau, W. R. Atkinson, E. B. Meyer 
and G. B. Shankin. 

A general discussion with particular emphasis on comparison of stresses 
in various types of cables. 

THE EFFECT OF TRANSIENT VOLTAGES ON DIELECTRICS—II 

The Effect of Lightning Voltages on Arrester Gaps, Insulators and Bushings on 

Transmission Lines 

F. W. Peek, Jr. Vol. xxxviii—1919, pp. 1137-1164 

This paper treats of some of the practical applications resulting from 

an investigation of the effect of lightning voltages on insulators, bushings 
and protective gaps. 
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The relative protective values of various gaps for steep and slanting 
wave fronts and high frequency are shown graphically in Figs. 14, 15, 
16 and 17. 

Data are given on the steepness of lightning waves actually occurring 
on transmission lines in practise. 

Discussion , pages 1165-1177, by Messrs. W. A. Del Mar, F. W. Peek, 
Jr. and C. T. Allcutt. 

A general discussion. 

THEORY OF PROBABILITIES APPLIED TO FAILURES OF SUSPENSION 

INSULATORS 

L. M. Klauber Vol. xxxviii—1919, pp. 1199-1212 

There are a wide variety of operating conditions which affect the 
amount of over-insulation required, and after having found the minimum 
number of insulators per string required for any given operating condi¬ 
tions the author points out a method of determining the amount of extra 
insulation desirable from an insurance standpoint according to the law 
of probabilities. Equations are developed from which the probability 
of failure for any given case or the ratio between such probabilities for 
any pair of cases may be determined directly. A numerical example is 
also given which shows the development of the theory of minimum annual 
cost for combined mechanical and electrical failures. 

Discussion , pages 1213-1222, by Messrs. W. D. Peaslee, C. O. Poole, 
J. A. Lighthipe, J. IT. Anderton, H. A. Barre, J. B. Piskon, R. W. Shoe¬ 
maker, E. F. Scattergoocl, L. C. Williams and L. M. Klauber. 

A general discussion on the practicability of the method described. 

5. ELECTRIC CONDUCTORS 


THE GENERAL EQUATIONS OF THE ELECTRIC CIRCUIT —III 
VARIATION OF CONSTANTS, r, L, C AND g, AND ITS EFFECTS 
C. P. Steinmetz Vol. xxxviii -1919, pp. 191-260 


In the usual theory of transients the assumption is made, that re¬ 
sistance, inductance, capacity and conductance are constant, This 
however, is not correct, and as the result thereof, it was not possible to 
theoretically investigate, and numerically calculate the dissipation of 
high-frequency disturbances, the flattening of the wave fronts of impulses, 
the rounding off of steep waves, etc., with the time and the distance of 
travel, and therefrom to determine the distance, to which the danger 
from such disturbances extends, and to investigate the conditions of line 
construction, which limit the danger zone of such phenomena to the 
smallest local extent. 

In the following, two of the foremost causes of change of the line 
constants with the equivalent frequency are investigated, t he unequal 
current distribution in the conductor, and the eleetrie radiation from the 
conductor. 

Equations of the line constants as function of the equivalent frequency 

are derived, and applications thereof made to a few problems. 
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It is shown that in high-frequency conduction the section of the con¬ 
ductor is of little importance, but the circumference is the determining 
factor, except at very high frequencies, where size, shape, and material— 
within certain limits—becomes of secondary importance. 

The conditions, which cause a flattening of steep wave fronts and im¬ 
pulses, and a rounding of irregular waves, are investigated. 

For convenience, the theoretical part has been separated and placed 
in an appendix, giving in the text the discussion, with numerous tables 
derived from the theoretical equations, and curves illustrating these 
tables. 

Discussion incorporated with that of paper by H. S. Osborne on 
“Review of Work of Sub-Committee on Wave Shape Standard of the 
Standards Committee.” 

high-tension single-conductor cable for polyphase systems 

W - S. Clark and G. B. Shanklin Vol. xxxviii—1919, pp. 917-966 

In this paper the dielectric, inductive and general line characteristics 
of three-conductor and single-conductor cable are compared. The 
advantages and disadvantages of each type of cable are brought out in a 
way that will aid in deciding the merits of individual problems. 

Discussion incorporated with that of paper by R. W. Atkinson on 
“The Dielectric Field in an Electric Power Cable.” 


THE DIELECTRIC FIELD IN AN ELECTRIC POWER CABLE 


R. W. Atkinson 


Vol. xxxviii—1919, pp. 971-1016 


The data given pertain particularly to the field of three-conductor 
three-phase cables when supplied with three-phase voltage, and are 
primarily the solution by physical measurements of some of the geometric 
problems of the three-conductor three-phase cable. 

Data are given so that it is possible, from electrical measurements on 
three-conductor cable, to determine certain specific quantities'as per¬ 
mittivity, resistivity, etc. of the dielectric of three-conductor cables in 
the same way as can readily be done for single-conductor cables, from 
geometric considerations. 

Also, there is shown the potential and stress distribution in a three- 
conductor cable. 


Discussion (including that of paper by W. S. Clark and G. B. Shanklin) 
pages 1017-1036, by Messrs. H. W. Fisher, C. W. Davis, W A Del Mar 

2A25&2-*' H - L - *•—i » 

. A general discu ssion with particular emphasis on comparison of stresses 
m various types of cables. stresses 


8. TRANSFORMERS 

ABNORMAL VOLTAGES WITHIN TRANSFORMERS 

L. F. Blume and A. Boyajian Tr , 

Vol. xxxviii—1919, pp. 677-614 

Mathematical analysis is made of a rectangular wave imoinein? unnn 
a transformer winding .and quantitative values deduced of the resulting 
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internal voltage stresses in terms of transformer constants. It is shown 
that the conclusions also apply in part to abrupt impulses and approxi¬ 
mate idea is given of the reaction of transformer to high frequencies. 
The difference between operating transformer with isolated and grounded 
neutral is shown. Energy losses are not considered in the mathematics 
although the manner in which the results are affected is pointed out. 
Finally, theoretical results are compared with impulse and high frequency 
tests made in the laboratory. 

Discussion , pages 615-620, by Messrs. H. R. Summerhayes, G. Faccioli, 
C. A. Adams, J. F. Peters, F. Dubsky, F. W. Peek, Jr., A. E. Kennedy 
and L. F. Blume. 

A general discussion. 


9. ELECTRICAL MACHINERY AND APPARATUS 

TRANSMISSION LINE RELAY PROTECTION 

H. R. Woodrow, D. W. Roper, O. C. Traver and P. Macgahan 

Vol. xxxviii—1919, pp. 795-826 

The Protective Devices Committee made an analysis of the trans¬ 
mission line protective relay situation throughout the country and 
prepared a summary of the experiences of the operating companies with 
this protective apparatus. Questionnaires were sent out to sixty-one 
operating companies asking for their experience and present practise. 

Replies were received from 32 and from these a general analysis was 
made of the practise of relay protection for transmission lines. 

The Protective Devices Committee undertook the work of standard¬ 
izing the nomenclature which it is hoped will be adopted by all parties. 

Discussion incorporated with that of paper by W. E. Richards_on 
“Grounded Neutral Transmission Line. 7 ’' 

PREDETERMINATION OF SYNCHRONOUS PHASE-MODIFIER PERFORMANCE 
Hubert V. Carpenter Vol. xxxviii—1919, pp. 1223-1229 

The author reviews the method for showing the behavior of trans¬ 
mission lines first given by Perrine and Baum and then shows how it 
can be used in determining the effect of the use of a synchronous motor 
operating without load for improving the power factor. 

The diagram given shows both the improvement in voltage regulation 
and the change in power factor due to the phase-modifier for any assumed 
condition of loading for the transmission line. 

The errors of the method are discussed with methods for determining 
their magnitude, and the advantages of the graphical treatment pointed 
out. 

Discussion , pages 1230-1235, by Messrs. H. B. Dwight, M. 0. Bosler, 
J. A. Lighthipe, P. M. Downing, J. H. Anderton, L. F. Curtis, J. F. 
Wilson and H. L. Melvin. 

Discussion of various methods of determination including use of circle 
diagram. 
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THE VACUUM TUBE AS A GENERATOR OF ALTERNATING-CURRENT POWER 
John H. Morecroft and H. Trap Friis Vol. xxxviii—1919, pp. 1415-1444 

The first part of this article deals with the operation of the tube when 
separately excited, the variation of power with the amount of excitation, 
the load impedance, etc., and also gives an analysis of the forms' and 
phases of voltages and currents in the different parts of the circuit. 

The second part deals with the efficiency of the tube as a generator; 
the action is analyzed in detail and the conditions for maximum efficiency 
deduced, the theoretically deduced conclusions being substantiated by 
experimental data. Oscillograms are given to show the action of the 
tube under practically all the conditions which are likely to occur. 

Discussion incorporated with that of paper by A. M. Nicolson on 
“The Piezo-Electric Effect in the Composite Rochelle Salt Cyrstal.” 

PRESENT LIMITS OF SPEED AND POWER OF SINGLE-SHAFT STEAM 

TURBINES 

J. F. Johnson t Vol. xxxviii—1919, pp. 1515-1525 

This paper restricted to a discussion of some of the factors which 
influence limits as applying particularly to turbines of the reaction 
type. With the employment of high vacua the limit of power will be 
determined largely by the area obtainable through the last stage. 

Fig. 6 shows maximum capacity at various speeds which are physically 
possible without exceeding present limits of stresses. It is valuable 
chiefly as showing the physical relation between speed and capacity with 
given limiting stress values. 

Discussion incorporated with that of paper by F. D. Newbury on 
“Present Limits of Speed and Output of Single-Shaft Turbo Generators.” 

PRESENT LIMITS OF SPEED AND POWER OF SINGLE-SHAFT CURTIS 

STEAM TURBINES 

Eskil Berg Vol. xxxviii—1919, pp. 1527-1585 

This paper starts by showing that the limit of a single-unit turbo 
generator does not lie in the generator but is confined to the steam tur¬ 
bine, and that the last wheel of the turbine is the limiting feature. 

The author therefore takes the last wheel of an 1800-rev. per min. 
turbine, giving dimension stresses, kind of material used etc., and then 
designs two turbines, one having 23 stages and the other 13 stages. 

A 5000-kw., five-stage, 3600-rev. per min. turbine load curve is also 
given and discussed. 

Discussion incorporated with that of paper by F. D. Newbury on 
“Present Limits of Speed and Output of Single-Shaft Turbo Generators.” 

PRESENT LIMITS OF SPEED AND OUTPUT OF SINGLE-SHAFT TURBO 

GENERATORS 

F* D * Newbury Vol. xxxviii—1919, pp. 1537-1546 

Output is determined broadly by rotor or stator ’dimensions. With 
speeds of 1200 rev. per min. and lower, the stator is the limiting member,, 
while with higher speeds, the rotor is the limiting member. 
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The most effective rotor diameter is not necessarily the largest dia¬ 
meter. To obtain maximum output at a given speed the rotor propor¬ 
tions must be chosen to properly balance mechanical stresses, rotor 
ampere turns and flux. American design practise has established 40*0 
ft. per sec. as an upper limit of rotor peripheral speed. 

The maximum length of core is determined by such factors as ventila¬ 
tion, bearing temperatures, critical speed and limits to weight imposed 
by forging and transportation facilities. 

No opinion is expressed as to the wisdom of installing very large single- 

ft units. 

Discussion, (including that of papers by J. F. Johnson and E. Berg), 
pages 1547-1565, by Messrs. P. Torchio, B. A. Behrend, W. L. R. Emmet, 
W. J. Foster, A. M. Gray, R. B. Williamson, F. Hodgkinson, B. G. 
Fernald, C. A. Adams, Farley Osgood, E. Berg and F. D. Newbury. 

A general discussion of factors limiting capacity and reliability with 
particular emphasis on metal fatigue due to vibration. 

STARTING CONDITIONS OF SYNCHRONOUS MACHINES 
A. Hay and F. N. Mowdawalla Vol. xxxviii—1919, pp. 1713-1755 

A detailed study of the behavior of the synchronous motor during 
what has always been regarded as a critical period— viz. the period 
when the motor is being accelerated from rest to synchronous speed. 

Discussion , pages 1756-1757, by Q. Graham. 

10. PRIME MOVERS AND STEAM BOILERS 

PRESENT LIMITS OF SPEED AND POWER OF SINGLE-SHAFT STEAM TURBINES 
J. F« Johnson Vol. xxxviii—1919, pp. 1515-1525 

This paper restricted to a discussion of some of the factors which 
influence limits as applying particularly to turbines of the reaction 
type. With the employment of high vacua the limit of power will be 
determined largely by the area obtainable through the last stage. 

Fig. 6 shows maximum capacity at various speeds which are physically 
possible without exceeding present limits of stresses. It is valuable 
chiefly as showing the physical relation between speed and capacity with 
given limiting stress values. 

Discussion incorporated with that of paper by F. D. Newbury on 
“Present Limits of Speed and Output of Single-Shaft Turbo Generators.” 

PRESENT LIMITS OF SPEED AND POWER OF SINGLE-SHAFT CURTIS STEAM 

TURBINES 

Eskxl Berg Vol. xxxviii—1919, pp. 1527-1535 

This paper starts by showing that the limit of a single-unit turbo 
generator does not lie in the generator but is confined to the steam tur¬ 
bine, and that the last wheel of the turbine is the limiting feature. 

The author therefore takes the last wheel of an 1800-rev. per mm. 
turbine, giving dimension stresses, kind of material used etc., and then 
designs two turbines, one having 23 stages and the other 13 stages. 
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A 5000-kw., five-stage, 3600-rev. per .min. turbine load curve is also 
given and discussed. 

Discussion incorporated with that of paper by F. D. Newbury on 
“Present Limits of Speed and Output of Single-Shaft Turbo Generators.” 

PRESENT LIMITS OF SPEED AND OUTPUT OF SINGLE-SHAFT TURBO 

GENERATORS 

F. D. Newbury Vol. xxxviii—1919, pp. 1537-1546 

Output is determined broadly by rotor or stator dimensions. With 
speeds of 1200 rev. per min. and lower, the stator is the limiting member, 
while with higher speeds, the rotor is the limiting member. 

The most effective rotor diameter is not necessarily the largest dia¬ 
meter. To obtain maximum output at a given speed the rotor propor¬ 
tions must be chosen to properly balance mechanical stresses, rotor 
ampere turns and flux. American design practise has established 400 
ft. per sec. as an upper limit of rotor peripheral speed. 

The maximum length of core is determined by such factors as ventila¬ 
tion, bearing temperatures, critical speed and limits to weight imposed 
by forging and transportation facilities. 

No opinion is expressed as to the wisdom of installing very large single¬ 
shaft units. 

Discussion , (including that of papers by J. F. Johnson and E. Berg), 
pages 1547-1565, by Messrs. P. Torchio, B. A. Behrend, W. L. R. Emmet, 
W. J. Foster, A. M. Gray, R. B. Williamson, F. Hodgkinson, B. G. 
Fernald, C. A. Adams, Farley Osgood, E. Berg and F. D. Newbury. 

A general discussion of factors limiting capacity and reliability with 
particular emphasis on metal fatigue due to vibration. 

11. POWER PLANTS AND CENTRAL STATIONS 

SOME PROBLEMS IN THE OPERATION OF POWER PLANTS IN PARALLEL 
E. C. Stone Vol. xxxviii—1919, pp. 1651-1674 

In order to operate two power plants satisfactorily in parallel, the 
transmission line which ties them together must have sufficient syn¬ 
chronizing power, as well as sufficient carrying capacity. The “syn¬ 
chronizing power” of a line depends upon its resistance and reactance, 
the bus voltages maintained at its ends, and the maximum kilovolt¬ 
amperes it must transmit. Limiting values for “synchronizing power” 
of lines under various operating conditions are given. 

The design of a transmission line involves a consideration of load to 
be transmitted, voltage, reactance, resistance, losses, and charging current 
of the line, and of wattless generating capacity at the receiving end of the 
line. The wattless generating capacity at the end of the line determines 
how many kilowatts will be transmitted for each ampere of line current, 
by fixing the power factor of the load transmitted and the voltage at the 
receiving end of the line. When a line is to be designed for paralleling 
two plants, it must have sufficient “synchronizing power” to hold the 
two plants together. 

No discussion. 
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12. PARALLEL OPERATION 

SOME PROBLEMS IN THE OPERATION OF POWER PLANTS IN PARALLEL 
E. C. Stone Vol. xxxviii—1919, pp. 1651-1674 

In order to operate two power plants satisfactorily in parallel, the 
transmission line which ties them together must have sufficient syn¬ 
chronizing power, as well as sufficient carrying capacity. The “syn¬ 
chronizing power” of a line depends upon its resistance and reactance, 
the bus voltages maintained at its ends, and the maximum kilovolt¬ 
amperes it must transmit. Limiting values for “synchronizing power” 
of lines under various operating conditions are given. 

The design of a transmission line involves a consideration of load to 
be transmitted, voltage, reactance, resistance, losses, and charging current 
of the line, and of wattless generating capacity at the receiving end of the 
line. The wattless generating capacity at the end of the line determines 
how many kilowatts will be transmitted for each ampere of line current, 
by fixing the power factor of the load transmitted and the voltage at the 
receiving end of the line. When a line is to be designed for paralleling 
two plants, it must have sufficient “synchronizing power” to hold the 

two plants together. 

No discussion. 


13. TRANSMISSION LINES 

THEORY OF THE TRANSIENT OSCILLATIONS OF ELECTRICAL NETWORKS 

AND TRANSMISSION SYSTEMS 


J. R. Carson 


Vol. xxxviii—1919, pp. 345-427 


The purpose of this research was to make a broad theoretical study 
of transient.phenomena with a view to developing methods of calculation 
directly applicable to engineering problems.. The investigation starts 
with the oroblem of formulating the current in an electrical network or 
transmission system in response to a suddenly applied e. m. f. of arbitrary 
form. A simple formula is derived which expresses this current in terms 
of two independent functions: one, the applied e. m. f. expressed as a 
time function, and the other a characteristic function of the constants 
and connections of the system, this latter being termed the indicia 
admittance” of the system. A systematic investigation of methods for 
solving and computing the indrcial admittance follows, in the course 
which original solutions for transmission and artificial lines are derived 

and a new method involving integral equations is developed. 

Discussion incorporated with that of paper by W. W. Crawford on 
“Telephone Circuits with Zero Mutual Induction. 

HIGH-TENSION SINGLE-CONDUCTOR CABLE FOR POLYPHASE SYSTEMS 
W . s. dark and G. B. Shanklin Vol. ™-1919, PP- *”-969 

In this paper the dielectric, inductive and general line characteristics 
of three-conductor and single-conductor cable are compared. The 
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advantages and disadvantages of each type of cable are brought out in a 
way that will aid in deciding the merits of individual problems. 

Discussion incorporated with that of paper by R. W. Atkinson on 
“The Dielectric Field in an Electric Power Cable." 


PROBLEMS OF 220-KV. POWER TRANSMISSION 
A. E. Silver Vol. xxxviii—1919, pp. 1037-1100 

Two hundred and twenty kv. is suggested as a logical voltage for high 
capacity, long-distance transmission, and the important problem- 
introduced by large concentrations of power, high voltage and high 
service standards are discussed. The economic and technical considera¬ 
tions underlying design of a 220-kv. system are outlined, and general 
designs are developed for a typical 220-kv. transmission line. 

Discussion , pages 1101-1135, by Messrs. W. S. Murray,- W. M. Dann, 
P. Torchio, S. W. Mauger, R. M. Spurck, J. C. Parker, J. C. Clark, 
F. C. Hanker, H. R. Summerhayes, R. P. Jackson, H. B. Dwight, 
J. F. Peters, F. F. Brand, C. F. Harding, F.‘ W. Peek, Jr., J. A. Koontz, 
H. G. Mac Donald, L. B. Chubbuck, J. N. Mahoney, E. B. Meyer, 
C. E. Howell, T. B. Parker, J. B. Crane and A. E. Silver. 

A general discussion of the super-power problem particularly with 
reference to the N. Y. and New England section. 


THE EFFECT OF TRANSIENT VOLTAGES ON DIELECTRICS_II 

The Effect of Lightning Voltages on Arrester Gaps, Insulators and Bushings on 

Transmission Lines 


F. W. Peek, Jr. 


Vol. xxxviii—1919, pp. 1137-1X64 


This paper treats of some of the practical applications resulting from 

an investigation of the effect of lightning voltages on insulators, bushings 
and protective gaps. 

• Tiie _relative protective values of various gaps for steep and slanting 

wave fronts and high frequency are shown graphically in Figs. 14, 15, 
16 and 17. ’ 

Data are given on the steepness of lightning waves actually occurring 
on transmission lines in practise. 

Discussion, pages 1165-1177, by Messrs. W. A. Del Mar, F. W. Peek, 
J r. and C. T, Allcutt. 

A general discussion. 


CALIFORNIA aaO,000-VOLT-1100-MILE-l,500,000-KW. TRANSMISSION BUS 
R. W. Sorensen, H. H. Cox and G. E. Armstrong Vol. zxxviu-1919, pp. 1237-1248 

This pap er summarizes the power resources of California and 

probable loads to be supplied within thA • t0r and the 

the numncA nf „„„ • “ within the next six or seven years. For 

• ,, nomically distnbuting the necessary power and supolv- 

h^ 6 l0ng Mgh - V0lta S e transmission line is proposed As 

this line would interconnect a number of different companies it assumes 

the nature of a bus bar. The authors show how the proposed lineTA 

link with some of the lines now in servW proposed line may 

C lines now m service and enumerate the advantages 
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,. A oA-mnoricrm is made between tbe 240-mile 

of such interconnects _ A companson is d ^ operat ion 

Big Creek line now operating at 150,000 volts, 0 y Cree k 

of this line at 220,000 volts, 60 cycles. Operating data on g 

oi wu&uuc ’ < oWacter of the construction necessary 

line are shown to indicate the character ox i particular 

for California conditions. Conclusions are drawn as to the 
features to be observed for successful operation » Jennings, 

C- 0. Pool, J D Ro«, L p F „ C Ci„ 8 T F C W. Koi», 

Klauber, J. A Lighthipe, P. M Downing and & E _ Arm . 

L. S. Ready, G. A. Damon, L. J. Corbett, n. n 

St general discussibn of the advantages and disadvantages of the 
super-power line. 

Jt 

14. ELECTRIC SERVICE DISTURBANCES AND 

PROTECTION 

r'rMunv/rTTTF'P ON WAVE SHAPE STANDARD 
REVIEW OF WORK OF SUB-COMMITTEE 

OF THE STANDARDS COMMITTEE 

Vol. xxxviii—1919, pp. 261-288 

H. S. Osborne 

The paper gives a review of the work done “^Xlappofnted 
by a sub-committee of the Standards ^ regarding 

to make recommendations for chang^ last spring made 

the wave shape of alternators. cent deviation rule 

'recommendations that for the presen wording) and that trial 

should be retained without change ( ex< ^ e P shape factor. The new 
' use should be made of a supplementary wave shape nterfe ring 

factor, based on the relation between Sn^arallel each 

effect in telephone circuits, when power and telephone P 
other, is called the “telephone interference factor. pages 289 . 
Discussion (including that' E . Kennelly, C. P. Stein- 

303, by Messrs. C. F. Scott, CR.Pndermu j. J. Linebaugh, 

metz, J. B. Whitehead W J. Foster J. * Taylor ^ c . 

E. E. F. Creighton, L. W. Chubb, C. A. Adams, u 
Harding and H. S. Osborne. 

A general discussion. 

m norm ATTONS OF ELECTRICAL NETWORKS 
THEORY OF THE TRANSIENT OS CIIX ATI 

AND TRANSMISSION SYSTEMS 

Vol. xncviii—1919, PP- S45-WT 

j. R. Carson a broad theoretical study 

The purpose of this research was • g meth ods of calculation 

of transient phenomena with a v bl -p he investigation starts 

directly applicable to engineering P at ' Jn afl e i ec trical network or 
with the problem of formulating th Ued e m?f . of arbitrary 

transmission system in response t° a su d ded y ?P eurre nt in terms 

form. A simple formula is ^ { expressed as a 

of two independent function . ’ , • ^ f un ction of the constants 

time function, aad ot ® r ^ this lat ter being termed the "indiaal 
and connections of the system, inis 
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admittance” of the system. A systematic investigation of methods for 
solving and computing the indicial admittance follows, in the course of 
which original solutions for transmission and artificial lines are derived 
and a new method involving integral equations is developed. 

Discussion incorporated with that of paper by W. W. Crawford on 
“Telephone Circuits with Zero Mutual Induction.” 

TELEPHONE CIRCUITS WITH ZERO MUTUAL INDUCTION 
W. W. Crawford Vol. xrxviii—1919, pp. 429-457 

The paper deals with the reduction of inductive interference in tele¬ 
phone circuits. 

Various relative positions of two or more circuits, in which the mutual 
inductance is zero, and the mutual capacitance unbalance is approximately 
zero, are discussed. The most important case is that when the two wires 
of one circuit occupy opposite ends of one diagonal of a square, and the 
other circuit, the ends of the other diagonal. 

Several forms of construction embodying this arrangement, and built 
largely with standard parts, are illustrated. 

Calculations and tentative designs are presented to show that the 
use of these forms of construction will give greatest refinement of balance 
against induction from power circuits, and possibly also against cross¬ 
talk, increased flexibility in coordinating with the variations in exposure 
to power circuits, a simplification of the transpositions system, fewer 
transposition poles and transpositions, and when desired, the realization 

of a part of these advantages with the lead compressed into less than 
the normal space. 

The cost of initial construction of the proposed forms and the cost 
of conversion of an existing lead to one of the proposed forms. 

Discussion (including that of papers by E. B. Craft and E. H. Colpitts, 
and J. R. Carson), pages 458-488, by Messrs. G. 0. Squier, M. I. Pupin, 
A. H. Cowles, A. S. Dana, A. Pinto, V. Bush, J. H. Morecroft, A. G. Chap¬ 
man, H. S. Osborne and J. B. Carson. 

A general discussion including a description of the theory of function¬ 
ing of vacuum tubes. 


ABNORMAL VOLTAGES WITHIN TRANSFORMERS 


L. F. Blume and A. Boyajian 


Vol. xxxviii—1919, pp. 577-614 


Mathematical, analysis is made of a rectangular wave impinging upon 
a transformer winding and quantitative values deduced of the resulting 

TTf 1 volta p stresses in terms of transformer constants. It is shown 
that the conclusions also apply in part to abrupt impulses and approxi- 

18 V en ° f thS reaction of transformer to high frequencies. 
betw ® en operating transformer with isolated and grounded 

TV ^M h ° Wn ' Energy l0SS6S are not con sidered in the mathematics 

Finalbf th he TV 6 " WhlCh the reSultS are affected is pointed out. 

^highf,. q „„oy 

Discussion, pages 615-620, by Messrs. H. R. Summerhayes, G. Faccioli, 
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C. A. Adams, J. F. Peters, F. Dubsky, F. W. Peek, Jr., A. E Kennellv 
and L. F. Blume. 

A general discussion. 

TRANSMISSION LINE RELAY PROTECTION 

H. R. Woodrow, D. W. Roper, O. C. Traver and P. Macgahan 

Vol. xxxviii—-1919, pp. 795-826 

The Protective Devices Committee made an analysis of the trans¬ 
mission line protective relay situation throughout the country and 
prepared a summary of the experiences of the operating companies with 
this protective apparatus. Questionnaires were sent out to sixty-one 
operating companies asking for their experience and present practise. 

Replies were received from 32 and from these a general analysis was 
made of the practise of relay protection for transmission lines. 

The Protective Devices Committee undertook the work, of standard¬ 
izing the nomenclature which it is hoped will be adopted by all parties. 

Discussion incorporated with that of paper by W. E. Richards on 
“Grounded Neutral Transmission Line.” 

GROUNDING THE NEUTRAL OF GENERATING AND TRANSMISSION SYSTEMS 
H. R. Woodrow Vol. xxxviii—1919, pp. 827-831 

Four different high-tension transmission systems in the New York 
district have been grounded at different times during the past four years, 
all of which are operating with the grounded neutral at the present time. 
These systems were all grounded in a different manner and the results 
obtained from the effect of grounding showed that the troubles have 
been reduced. 

In addition to the grounding, special ground relays have been installed 
on three of the systems which disconnected the feeder very quickly on 
a ground and the results show that the addition of this quick acting 
relay further reduces the stresses on a system. 

Discussion incorporated with that of paper by W. E. Richards on 
‘‘Grounded Neutral Transmission Line.” 

GROUNDED NEUTRAL TRANSMISSION LINE 
W. E. Richards Vol. xxxviii-1919, pp. 833-838 

The paper describes the conditions on the system in Toledo which 
was originally delta-connected. Serious trouble was experienced when 
a short circuit occurred especially with synchronous apparatus. This 
trouble was overcome by changing the transmission to a Y system with 
the neutral grounded. 

Discussion (including that of papers by Woodrow, Roper Traver and 
Macgahan and Woodrow), pages 839-869, by Messrs. J. R. Craighead, 
J. A. Johnson, A. IT. Lawton, E. E. F. Creighton, H. T. Conover, 0. C. 
Traver, P. Torchio, D. W. Roper, P. H. Adams, R. N. Conwell, A. W. 
Copley, C. P. Osborne, P. M. Lincoln, C. P. Steinmetz, E. T. Moore^ 
N. L. Pollard, R. F. Schuchardt, J. C. Parker, H. C. Don Carlos, D. A. 
McKenzie, F. L. Hunt,*F. C. Hanker, H. C. Albrecht, E. A. Hester^ 
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E. G. Merrick, N. A. Carle, H. R. Woodrow, H. B. Vincent, P. D. New- 
bury and A. E. Silver. 

A general discussion of present practise. 

THE EFFECT OF TRANSIENT VOLTAGES ON DIELECTRICS—II 

The Effect of Lightning Voltages on Arrester Gaps, Insulators and Bushings on 

Transmission Lines 

F. W. Peek, Jr. Vol. xacxviii—1919, pp. 1137-1164 

This paper treats of some of the practical applications resulting from 
an investigation of the effect of lightning voltages on insulators, bushings 
and protective gaps. 

The relative protective values of various gaps for steep and slanting 
wave fronts and high frequency are shown graphically in Figs. 14 15 
16 and 17. 

Data are given on the steepness of lightning waves actually occurring 
on transmission lines in practise. 

Discussion , pages 1165-1177, by Messrs. W. A. Del Mar, F. W. Peek, 
Jr. and C. T. Allcutt. 

A general discussion. 


THEORY OF PROBABILITIES APPLIED TO FAILURES OF SUSPENSION 

INSULATORS 

L. M. Klauber Vol. xxxviii—1919, pp. 1199-1212 

There are a wide variety of operating conditions which affect the 
amount of over-insulation required, and after having found the minimum 
number of insulators per string required for any given operating condi- ’ 
tions the author points out a method of determining the amount of extra 
insulation desirable from an insurance standpoint according to the law 
of probabilities. Equations are developed from which the probability 
of failure for any given case or the ratio between such probabilities for 
any pair of cases may be determined directly. A numerical example is 
also given which shows the development of the theory of minimum annual 
cost for combined mechanical and electrical failures. 

Discussion , pages 1213-1222, by Messrs. W. D. Peaslee, C. 0. Poole, 

J. A. Lighthipe, J. H. Anderton, H. A. Barre, J. B. Fisken, R. W. Shoe¬ 
maker, E. F. Scattergood, L. G. Williams and L. M. Klauber. 

A general discussion on the practicability of the method described. 


16. CONTROL, REGULATION AND SWITCHING 


PREDETERMINATION OF SYNCHRONOUS PHASE-MODIFIER PERFORMANCE 


Hubert V. Carpenter 


Vol. xxxviii—1919, pp. 1223-1229 


The author reviews the method for showing the behavior of trans¬ 
mission lines first given by Perrine and Baum and then shows how it 
can be used m determining the effect of the use of a synchronous motor 
operating without load for improving the power factor. - 

The diagram given shows both the improvement in voltage regulation 
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and the change in power factor due to the phase-modifier for any assumed 
condition of loading for the transmission line. 

The errors of the method are discussed with methods for determining 
their magnitude, and the advantages of the graphical treatment pointed 
out. 

Discussion , pages 1230-1235, by Messrs. H. B. Dwight, M. O. Bosler, 
J. A. Lighthipe, P. M. Downing, J. H. Anderton, L. F. Curtis, J. F. 
Wilson and H. L. Melvin. 

Discussion of various methods of determination including use of circle 
diagram. ’ 


STARTING CONDITIONS OF SYNCHRONOUS MACHINES 
A. Hay and F. N. Mowdawalla Vol. xxxviii—1919, pp. 1713-1755 

A detailed study of the behavior of the synchronous motor during 
what has always been regarded as a critical period— viz. the period 
when the motor is being accelerated from rest to synchronous speed. 
Discussion, pages 1756-1757, by Q. Graham. 

17. TRACTION 

SOME POSSIBILITIES OF STEAM RAILROAD ELECTRIFICATION AS 

AFFECTING FUTURE POLICIES 

Calvert Townley Vol. xxxviii—1919, pp. 621-627 

Electricity fills every requirement of railroad service, but as it involves 
a large investment, electrification has proceeded slowly. Electrification 
has also been retarded because the problem has been largely considered 
one of replacing the steam locomotive by the electric locomotive whereas 
in reality the problem is much broader. It really offers a fundamentally 
different method of train propulsion because the limitations of the steam 
locomotive disappear and the strictly limited motive power is replaced 
by one that is practically unlimited, thereby, opening up many possi¬ 
bilities in the methods of railroad operation. A brief .review is given of 
electrified sections of railways showing the advantages which have been 
realized in both the freight and passenger service. 

Discussion , pages 628-649, by Messrs. F. H. Shepard, W. S. Murray, 
C. Schwartz, J. B. Taylor, N. W. Storer, W. B. Potter, G. F. Sever, 
C. F. Scott, G. Gibbs, J. Murphy, H. D. Jackson and C, Townley. 

Discussion deals chiefly with coal saving incident to electrification 
particularly that saving involved in the proposed super-power trans¬ 
mission line, etc. 


18. LIGHTING AND LAMPS 


PRESENT STATUS OF INDUSTRIAL LIGHTING CODES 


G. H. Stickney 


Vol. xxxviii—1912, PP* 725-742 


Industrial lighting codes have been adopted in four states and in 
Federal establishments. Similar action is under consideration m 
other states and there is prospect of extension throughout the coun ry. 
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Investigation and experience indicate the need of government regula¬ 
tion of factory lighting. When adopted by industrial commissions 
under authority granted by Legislatures, the codes become in effect 
state law. The existing codes correspond in essentials to the Illumina¬ 
ting Engineering Society code, on which they are based. 

Discussion , pages 743-765, by Messrs. C. A. Adams, C. E. Clewell, 
E. B. Rosa, C. B. Auel, M. G. Lloyd, W. Harrison, J. Vogt, W. P. Hurley, 
W. T. Blackwell, E. G. Perrott, T. F. Foltz, J. R. Cravath and G. FI. 
Stickney. 

A general discussion of the code as established in the various States. 

THE SEARCHLIGHT IN THE U. S. NAVY 
Ralph Kelly Vol. xxxviii—1919, pp. 1605-1620 

The types and uses of searchlights and signaling lights on naval ships 
are briefly described. 

A changed form of 12-inch incandescent searchlight is suggested. 

The introduction of the high-power searchlight revolutionized the 
application of the searchlight to naval ships. 

It is believed there is also a possibility of a considerable improvement 
in the electrodes. 

The use of the dome glass door enables a searchlight to opei'ate in 
close proximity to large calibre rifles and makes it possible to successfully 
build even larger sizes of searchlights than those at present in use. 

The star shell has great possibilities, but it is doubtful if it will ever 
supersede the high-power searchlight. 

Discussion , pages 1621-1634, by Messrs. D. McNicol, G. A. DeGraaf* 
M. L. Patterson, E. J. Murphy, J. C. Ledbetter, R. A. Beekman, B. P* 
Beehler, C. Lichtenberg and R. Kelly. 

A general discussion of searchlights including a comprehensive dis¬ 
cussion of army practise. 


19. ELECTRICITY IN THE ARMY AND NAVY 


Ralph Kelly 


THE SEARCHLIGHT IN THE TJ. S. NAVY 

Vol. xxxviii—1919, pp. 1605-1620 


The types and uses of searchlights and signaling lights on naval ships 
are briefly described. 

A changed form of 12-inch incandescent searchlight is suggested. 

annid+ ntr °fV tl0n T^ hi g h -P ower searchlight revolutionized the 
application of the searchlight to naval ships. 

intIJSwes. 116 " 6 " alS ° " P ° SSibiUty ° f " considerable improvement 

The use of the dome glass door enables a searchlight to operate in 

SdevenSm , lar S e calibre rifles and makes it possible to successfully 

The IP IV . ° f searchk g hts *an those at present in use. 

supersede the h possibilittes > b *t it is doubtful if it will ever 

supersede the high-power searchlight. 
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Discussion , pages 1621-1634, by Messrs. D. McNicol, G. A. DeGraaf, 
M. L. Patterson, E. J. Murphy, J. C. Ledbetter, R. A. Beekman, B. P. 

Beehler, C. Lichtenberg and R. Kelly. 

A general discussion of searchlights including a comprehensive dis¬ 
cussion of army practise. 


20. MISCELLANEOUS APPLICATIONS OF ELECTRICITY 


WELDING MILD STEEL 

H. M. Hobart Vol. xxxvui—1919, pp. 63-111 

The Welding Research Sub-Committee, formed in 1918, was a sub¬ 
committee of the Metallurgical and Electrical Sections of the Engineering 
Division of the National Research Council, and the Welding Committee, 
(under the chairmanship of Professor C. A. Adams) came under the 
direction of the Emergency Fleet Corporation. The paper is in large 
part based on the work done by the Welding Research Sub-Committee 
up to January of this year. 

Discussion incorporated with that of paper by 0. H. Eschholz on 
“Fusion in Arc Welding.” 


WELDING AS A PROCESS IN SHIP CONSTRUCTION 
S. V. Goodall Vol. xxxviii—1919, pp. 113-119 

The paper points to the necessity for a reduction in the cost of ship¬ 
building, and as riveting is one of the most expensive items of construc¬ 
tion the substitution of welding for riveting would decrease the cost of 
construction'considerably. A brief review is given of what has been 
done in substituting welding for riveting, and to the limited extent to 
which electric welding has been tried it has been found successful. Lloyd s 
Register is prepared to classify electrically-welded vessels subject to 
certain provisions, but shipbuilders have not as yet adopted welding to a 
large extent for the reason, in the author’s opinion, that they know that 
welds are lacking in uniformity and it is impossible to tell when a joint 

is good or bad. 

Discussion incorporated with that of paper by 0. H. Esc o z on 
“Fusion in Arc Welding.” 


FUSION IN ARC WELDING 


0. H. Eschholz 


Vol. xxxviii—1919, pp. 121-129 


This paper calls attention to such characteristics as penetration and 
overlap, peculiar to this process, which facilitate visual inspection an 
discusses briefly the effect of arc length, welding procedure, electro e 
material, arc current and electrode diameter upon these c arac ens ic . 

Discussion (including that of papers by H. M. Hobart and G. • 
Goodall), pages 130-177, by Messrs. W. H. Hill, H. A. Horner, <C. . 
Adams, Capt. Corbett, A. M. Candy, C. J. Holslag, W. L. Merrill, 
D. C. Alexander, Jr., W. Spraragen, J. C. Armor, S. V. G °° f D ' 
Jackson, F. M. Farmer, W. S. Andrews, J. C. Lincoln, H. Lemp, . 
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CHErH^T?’/ T ' Heat ° n ’ R ' DarHng ’ J - Churchward, 

o.‘aSto ’ ‘ J es ’ S ' Kinsey ’ H ' G ‘ Knox ’ J - Martin and 

A general discussion of electric welding and its practical application. 

utilizing the time characteristics of alternating current 

enry E. Warren Vol. xxxviii—1919, pp. 767-781 

s™cL™ Ve f° n 0f a Very Sma11 ’ Simple and reliable self-starting 
y chronous motor, in conjunction with convenient means for regulating 

1 newfielf j req Tr y 1 alt l ernatin § circuit - there has been developed 

kinds nf 11 f USe ! eSS f0r electnc P° wer - It is now feasible to drive all 
kinds of timing devices such as clocks, graphic instrument movements, 

rccL r c e vTsobt’- etC d’ d r,! ly fr ° m ^ Ughting Circuits ' Remarkable 
tion of winding ^ by the elimina ' 

No discussion. 

THE PIEZO-ELECTRIC EFFECT IN THE COMPOSITE ROCHELLE SALT CRYSTAL 

Vol. xxxviii—1919, pp. 1467-1485 


A. McL. Nicolson 


It ° 2C ^ leCtriC efi6Ct ^ aQ electro - d ^tic property of certain crystals. 

tlwelL eLT e Th 0n ° f meC&anical int0 elec trical energy, and also 
and r T! T 1 \ Tbe pa ? er presents aa ^position of piezo-electricity 

AnnN r ^ Tl^ 0ther pr ° perties hAo ^ to these crystals. 

. PP llc ations °f the piezo-electnc effect in such crystals to the trans¬ 
mission and reception of sound, are described and demonstrated. 

ar Z 1 i CU fT n ’ (mdudm 2 that of P a Pers by A. W. Hull and Morecroft 

Nilofson 8 ^^’e’TVcI?' 1 ^ 3 ’^T b p M m SrS -- J - B ' Tayl ° r ’ A ' W ' HulI > A ' M - 

c ' ■ ’ * * ckhardt, J. P. Wintringham, Irving Langmuir T E 

Schroder, D. M. Therrell and J. H. Morecroft. 8 ’ J- E - 

A general discussion. 


21. TELEPHONY AND TELEGRAPHY 


E. B. Craft and E. H. Colpitts 


RADIO TELEPHONY 


Vol. xxxviii—1919, pp. 306-34: 


This paper is divided into two parts. The first part describes tb, 

and 6 Telegraph^ Co ^ * a ?° , telephon y b y the American Telephon. 
T tf a P b Com Pany and the Western Electric Company to th< 

Mow * 4 

“ d ” i “‘ »■ —>* 
The second part is concerned almost entirely with the work of nm 

SSL* w,ph “' “ d * ui “ i *“«>■«“ ”d n Z’Z 

Discussion incorporated with that of paper bv W W r , 
“Telephone Circuits-with Zero Mutual Induction ” °“ 
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TELEPHONE CIRCUITS WTTH ZERO MUTUAL INDUCTION 


W. W. Crawfo'rd 


Vol. xxzviii—1919, pp. 429-45? 


The paper deals with the reduction of inductive interference in tele- 
phone circuits. 

Various relative positions of two or more circuits, in which the mutual 
inductance is zero, and the mutual capacitance unbalance is approximately 
zero, are discussed. The most important case is that when the two wires 
of one circuit occupy opposite ends of one diagonal of a square, and the 
other circuit, the ends of the other diagonal. 

Several forms of construction embodying this arrangement, and built 
largely with standard parts, are illustrated. 

Calculations and tentative designs are presented to show that the 
use of these forms of construction will give greatest refinement of balance 
against induction from power circuits, and possibly also against cross¬ 
talk, increased flexibility in coordinating with the variations in exposure 
to power circuits, a simplification of the transpositions system, fewer 
transposition poles and transpositions, and when desired, the realization 
of a part of these advantages with the lead compressed into less than 
the normal space. 

The cost of initial construction of the proposed forms and the cost 
of conversion of an existing lead to one of the proposed forms. 

Discussion (including that of papers by E. B. Craft and E. H. Colpitts, 
and J. R. Carson), pages 458-488, by Messrs. G. 0. Squier, M. I. Pupin, 
A. H. Cowles, A. S. Dana, A. Pinto, V. Bush, J. H. Morecroft, A. G. Chap¬ 
man, H. 6. Osborne and J. B. Carson. 

A general discussion including a description of the theory of function- 
* ing of vacuum tubes. 


ELECTROMAGNETIC THEORY OF THE TELEPHONE RECEIVER WITH 
SPECIAL REFERENCE TO MOTIONAL IMPEDANCE 

A. E. Kennelly and H. Nukiyama Vol. xxrdii—1919, pp. 651-699 


The theory of the telephone receiver here offered is based upon the 
motional impedance circle which has been published in various chapters 
during the last few years. The new theory, which is stated under definite 
limitations, is a further development; taking into account the m. m. f. 
produced by the vibration of the diaphragm in the permanent magnetic 

field. 

Discussion incorporated with that of paper by A.^G. Webster on 
"The Absolute Measurement of the Intensity of Sound.” 


TRANSOCEANIC RADIO COMMUNICATION 
E. F. W. Alexanders^ Vol. xxxviii-1919, pp- 1269-U8S 

The paper defines the state of the art of today which is the [result of 
developments during the war. Transoceanic radio commumca ion is 
at present maintained by five first class stations, two m menca an 
three in Europe. New developments indicate three me ^ 0 s ° 
creasing the radio traffic without interference between the differ 

messages. 
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The second part of the paper describes the radio transmitting system 
for the development of which the author is responsible. This system is 
represented by the naval radio station, New Brunswick, N. J. and com¬ 
prises new means for generating, modulating, and radiating the continuous 
wave energy. The general theory and figures for the increased radiation 
efficiency are given. The author also predicts that the multiple antenna 
will make possible directive radiation on a large scale. 

No discussion. 


TELEPHONE REPEATERS 

Bancroft Gherardi and Frank B. Jewett Vol. xxxviii—1919, pp. 1287-1345 

In this paper the authors have endeavored to set forth briefly but 
clearly the history of the research and development work which has 
led up to the final production of successful telephone repeaters. The 
various forms of amplifiers which have been suggested are described and 
their possibilities and limitations pointed out. The essential properties 
of repeater networks together with the necessary line conditions for 
successful repeater operation are described and illustrated. Tandem 
operation of repeaters is discussed as is also the use of repeaters in four- 
wire circuits. Illustrations are given showing a few of the more important 
repeater installations now in regular commercial service in the United 
States. 

No discussion. 


PRINCIPLES OF RADIO TRANSMISSION AND RECEPTION WITH ANTENNA 

AND COIL AERIALS 

m 

J. H. Dellinger Vol. xxxviii—1919, pp. 1347-1402 

Coil aerials are coming to replace the large antennas in radio work. 
The advantage of the coil aerial as a direction finder, interference pre¬ 
venter, reducer of strays and submarine aerial, make it important to 
know how effective such an aerial is as a transmitting and receiving 
device in comparison with the ordinary antenna. In this article the 
mathematical theory is presented and as a result, the answer to this 
question is obtained. The fundamental principles of design of aerials 
are given in this paper. 

Discussion , pages 1403-1414, by Messrs. F. W. Grover and A. Press. 

A criticism of assumptions made by the author. 


APPLICABILITY OF AUTOMATIC SWITCHING TO ALL CLASSES OF 

TELEPHONE SERVICE 


A. B. Smith 


Vol. xxxviii—1919, pp. 1567-1600 


This paper is an attempt to place* before engineers general information 
in regard to automatic telephone switching. 

The automatic switching of telephone lines is adaptable to all classes 
of telephone service and offers a flexible means of solving problems 
Discussion, pages 1601-1604, by Messrs. Selby Haar, L " l Morehouse, 
P. S. Clapp, P. L. Baer and A. B. Smith, 
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THE MANUAL AND AUTOMATIC TELEPHONE SYSTEMS 
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Vol. xxxviii—1919, pp. 1635-1650 
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FUSION IN ARC WELDING 


O. H. Eschholz Vol. xxxviii—1919, pp. 121-129 

This paper calls attention to such characteristics as penetration and 
overlap, peculiar to this process, which facilitate visual inspection and 
discusses briefly the effect of arc length, welding procedure, electrode 
material, arc current and electrode diameter upon these characteristics. 

Discussion (including that of papers by H. M. Hobart and G. V. 
Goodall), pages 130-177, by Messrs. W. H. Hill, H. A. Hornor, C. A. 
Adams, Capt. Corbett, A. M. Candy, C. J. Holslag, W. L. Merrill, 

D. C. Alexander, Jr., W. Spraragen, J. C. Armor, S. V. Goodall, R. P. 
Jackson, F. M. Farmer, W. S. Andrews, J. C. Lincoln, H. Lemp, H. D. 
Morton, R. E. Wagner, T. T. Heaton, C. R. Darling, J. Churchward, 
C. H. Kicklighter,' Z. Jeffries, A. S. Kinsey, H. G. Knox, J. Martin and 
O. H. Eschholz. 

A general discussion of electric welding and its practical application. 

IK 

ENGINEERING AND INDUSTRIAL STANDARDIZATION 
C. A. Adams Vol. xxxviii—1919, pp. 179-189 

An address presented at Midwinter Convention. 

REVIEW OF WORK OF SUB-COMITTEE ON WAVE SHAPE STANDARD OF 

THE STANDARDS COMMITTEE 

H. S. Osborne Vol. xxxviii—1919, pp. 261-288 

The paper gives a review of the work done during the past three year s 
by a sub-committee of the Standards Committee of the Institute appointed 
to make recommendations for changes in the Institute's rules regarding 
the wave shape of alternators. The Sub-Committee last spring made 
recommendations that for the present the ten per cent deviation rule 
should be retained without change (except in wording), and that trial 
use should be made of a supplementary wave shape factor. The new 
factor, based on the relation between voltage wave shape and interfering 
effect in telephone circuits, when power and telephone lines parallel each 
other, is called the “telephone interference factor.” 

Discussion (including that of paper by C. P. Steinmetz), pages 289- 
303, by Messrs. C. F. Scott, C. R. Underhill, A. E. Kennelly, C. P. Stein¬ 
metz, J. B. Whitehead, W. J. Foster, J. B. Taylor, J. J. Linebaugh, 

E. E. F. Creighton, L. W. Chubb, C. A. Adams, L. T. Robinson, C. F. 
Harding and H. S. Osborne. 

A general discussion. 

IONIZATION OF OCCLUDED GASES IN HIGH-TENSION INSULATION 
G. B. Shanklin and J. J. Matson Vol. xxxviii—1919, l? pp. ¥: 489-536 

This paper deals with the ionization of occluded gases in solid insulation 
from the standpoint that these gas spaces are the weakest part of an 
insulation design and should receive first consideration. The stress at 
which ionization starts in different types of built-up insulation, such as 
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used in cables and coils, is measured and from these measurements a 
safe working stress determined. 

Discussion incorporated with that of paper by F. Dubsky on “The 
Dielectric Strength of Air Films Entrapped in Solid Insulation and A 
Practical Application to the Problem for Alternator Coils and Cables.” 


THE DIELECTRIC STRENGTH OF AIR FILMS ENTRAPPED IN SOLID INSULA¬ 
TION AND A PRACTICAL APPLICATION OF THE PROBLEM FOR ALTERNATOR 

COILS AND CABLES 

F. Dubsky Vol. xxxriii—1919, pp. 537-558 

An experimental investigation of the strength of air films of various 
thicknesses between glass plates. In the arrangement used, the break¬ 
down of the air or the starting point of corona could be readily observed. 
Tests were also made of the dielectric strength of air films between other 
solid insulations. 

It was found that the dielectric strength of air films between insula¬ 
tions was practically the same as the dielectric strength of air films 
between conductors. 

The second part of the paper is devoted to the practical application of 
the data to the design of armature coils and cables, and several specific 

examples are given. . 

Discussion (including that of paper by G. B. Shanklin and J. J. Matson) 
pages 559-575, by Messrs. H. G. Reist, L. W. Chubb, J. B. Whitehead, 
C A Adams, W. J. Foster, H. W. Fisher, R. E. Argersinger, C. F. Hard¬ 
ing, R. W. Atkinson, D. Du Bois, F. W. Peek, Jr., E. E. F. Creighton, 
J. J. Matson, W. I. Middleton, E. W. Davis and F. Dubsky. 

A general discussion. 


THE ABSOLUTE MEASUREMENT OF THE INTENSITY OF SOUND 
Arthur G. Webster Vol. xxxviii-1919, PP- TOl-Tia 

This paper includes a description of a series of acoustical researches 

extending over a period of twenty-eight years. The properties of vibra - 

ing bodies and the subject of elastic hysteresis are discussed. Two 

fundamentally important instruments for the absolute ™™**?g* 

sound have been developed and the theory given. The first.is the 

standard of sound, called the phone, which is capable of reproduc g 

any time a sound of the simplest character and which permits; the ou p 

of sound to be measured in watts of energy. The second is an mstru 

ment called the phonometer for measuring a sound in ^solute measure^ 

This instrument is now practically as sensitive as the huma . 

determination of the space distribution of soundedl of * ® 

disturbing bodies, and the measurement of the reflecting coefiicien 

surfaces have been accomplished. The phonotrope is a third mstrumen 
surfaces nave ora * r Hirertion of a source of sound, for example 
designed and used to find the direction ox a sourc 

a fog signal. A E . Kenne iiy a nd H. 

Discussion, (including that of paper y ™ -n & 

Nukiyama), pages 713-723, by Messrs. J. B. Taylor, T. E. Shea, B. A. 
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Behrend, R. L. Jones, A. G. Webster, H. S. Osborne, A. Press and A. E. 

A 

Kennedy. 

A general discussion including the algebraic theory of the receiver and 
the application of the circle diagram. 

COOPERATION 

C. A. Adams * Vol. xxxviii—1919, pp. 783-793 

President’s Address. 

TECHNICAL COMMITTEE REPORTS 

Vol. xxxviii—1919, pp. 871-916 

THE VACUUM TUBE AS A GENERATOR OF ALTERNATING-CURRENT POWER 
John H. Morecroft and H. Trap Friis Vol. xxxviii—1919, pp- 1415-1444 

The first part of-this article deals with the operation of the tube when 
separately excited, the variation of power with the amount of excitation, 
the load impedance, etc., and also gives an analysis of the forms and 
phases of voltages and currents in the different parts of the circuit. 

The second part deals with the efficiency of the tube as a generator; 
the action is analyzed in detail and the conditions for maximum efficiency 
deduced, the theoretically deduced conclusions being substantiated by 
experimental data. Oscillograms are given to show the action of the 
tube under practically all the conditions which are likely to occur. 

Discussion incorporated with that of paper by A. M. Nicolson on 
"The Piezo-Electric Effect in the Composite Rochelle Salt Crystal.” 

THE POSITIONS OF ATOMS IN METALS 
A. W. Hull Vol. xxxviii—1919, pp. 1445-1466 

When a narrow beam of X-rays passes through a fine powder of any 
crystalline material, it produces on a phonographic plate placed just 
behind the powder a pattern of concentric circles. These circles are 
produced by the reflection of the X-rays from the planes of atoms in the 
crystal, and their diameters are a measure of the distances between these 
planes of atoms. By measuring ,he diameters of the circles the exact 
positions of the atoms can be determined. The results of this analysis 
are given for twenty common metals and several salts, with examples 
and brief description of the method, and a discussion of the results. 

Discussion incorporated with that of paper by A. M. Nicolson on 
"The Piezo-Electric Effect in the Composite Rochelle Salt Crystal.” 

THE PIEZO-ELECTRIC EFFECT IN THE COPOSITE ROCHELLE SALT CRYSTAL 
A. McL. Nicolson Vol. xxxviii— 1919 , pp . 1467-1485 

The piezo-electric effect is an electro-elastic property of certain crystals 
It involves the conversion of mechanical into electrical energy, and also 
the converse effect. The paper presents an exposition of piezo-electricity 
and related optical and other properties belonging to these crystals. 
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Applications of the piezo-electric effect in such crystals to the trans¬ 
mission and reception of sound, are described and demonstrated. 

Discussion , (including that of papers by A. W. Hull and Morecroft 
and Friis), pages 1486-1493, by Messrs. J. B. Taylor, A. W. Hull, A. M. 
Nicolson, E. A. Eckhardt, J. P. Wintringham, Irving Langmuir, J. E. 
Schroder, D. M. Therrell and J. H. Morecroft. 

A general discussion. 


A REPORT ON ELECTROMAGNETIC INDUCTION 
S. J. Barnett Vol. xxxviii—1919, pp. 1495-1513 

This report discusses briefly the chief fundamental results obtained 
from the days of Faraday to the present time in studying the electro¬ 
motive forces ordinarily referred to the domain of electromagnetic 

induction. 

Self-induction is first taken up. 

The motional electromotive force, developed when matter moves 
in a magnetic field, is next considered and is derived from Ampere’s law 

on the electron theory. 

The induced electromotive force in fixed conductors and insulators 
arising from the motion or alteration of other systems is next considered. 

The report closes with a treatment of unipolar induction in both so- 
called open and closed circuits, including brief descriptions of some of the 
principal experiments, a discussion of the theories involved, and their 
application to the unipolar generator. 

No discussion of this paper. 


INHERENT LIMITATIONS ON TRANSFORMATIONS POSSIBLE BY STATIONARY 

APPARATUS 


Joseph Slepian 


Vol. xxxviii—1919, PP* 1697-1711 


Expressions for electrostatic and' electromagnetic energies Joulian 
heat dissipation and power are given m compiex quantities^ Th p 
imaginary part of the expression for power m a static network is shown to 
be equaUo 2 to times the difference between the mean electromagnetic 

electrostatic eaergy. Us. is mad. of .J» 
in considering the problems of pow.r-factor “ d 

steady state in a static network is demonstrated, and it is showni t a 
KSions npon ooltage 

regulation of any phase-splitting arrangement 
No discussion. 
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Arrester gaps ( continued ) 

sphere, covered. 1143 

horn, spark-over, wet vs. dry .. 1143 

spark-over, wet vs. dry. 1140 

transmission, lightning, effect of. 1137 

. various types, protective values, relative. 1150 

Atoms, position of, centered cubic, iron. 1450 

face centered cubic arrangement. 1448 

in metals. .'; ' 144 5 

measuring machine description. 1453 

r 0 .4-• • ..• 1455 

calibration. 1457 

powder photographs, interpretation of . 1459 

tetrahedral arrangement. 1453 

Audion, theory of. 1309 

Automatic telephony, applicability.’ . , *. 1537 

Automobile, headlights.. ggg 

Balanced protection, transmission lines.’’’ ’ * ’ ’ ‘ ‘ ‘ .. ggO 

Bonding, cable, single-conductor.. 

Bushings, transmission, lightning, effect of. . H 37 

Cable, multi vs. single conductor.’ ’ ’ ' ’ ... ‘ ' g^g 

power, dielectric field.‘ ‘ ‘ ’ * ' * ' ’ 971 

actual cable tests. 1000 

capacitance and charging current.... 977 

’ data, practical application of. 1009 

effect of stranding. 1008 

sector cable.’ ’ 1013 

solid electrolyte, use of. 998 

. ., .stress measurement, ele'ctrolyte tank.. 983 

inside potential, determination of, diagram of con¬ 
nections.. 1002 

three-phase, nature of field...* ’ ’ ’ * ’ * ’ ’ ‘ ggg 

single-conductor, advantages and disadvantages. 949 

bonding and grounding. 951 

design of.921 

dielectric losses.’ * 025 

# . predetermination of. 935 

effective resistance, theoretical solution.. 959 

grading insulation.* * g 23 

high-tension, polyphase systems.. . 917 

inductive characteristics. 935 

parallel, non-magnetic sheaths, theoretical 
solutions. 050 

self-inductance, theoretical solution 962 

vs. three-conductor lines. .. 

r ., underground, heating of ..’.’.’ .' !.' .''' 944 

Cables, air films m insulation, effect of. ' ’ kTl 

high tension, stress at surface, limits. . 1 n ?7 

insulation, occluded gases in, effect of.. : ' 400 

split-conductor. . 

underground. * . 

line characteristics.. . ’ ’ ] ’ ’ ’ ’ ‘ ‘ ‘ ' * ' * ' ' * gg^ 

load vs. average temperature. g 07 

^ „ hot-spot temperature. qaq 

California, future power demand. -,000 

> power resources, table.*.. 

Capacity, line, 220,000 volt transmission... . 

Carbons, searchlight use. . 

Charging current, 220,000 volt transmission’.. i ,2o 

Circuit breakers, oil, 220 kv. transmission . . Tnoo 

Clamps and fittings, 220 kv. transmission..'. 

Coal, U. S. production, amount.... eoii 
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Codes, lighting, industrial, present status (See Lighting Codes, 

Industrial, etc.) 

Condensers, charging of, time required. 600 

Conductors, aluminum-steel, mechanical characteristics. 1054 

current distribution in, unequal. 245 

single, high-tension, cable, polyphase systems. 917 

various types, advantages. 1046 

Conduit, underground, heating characteristics, representative.... 944 

Cooperation, President’s Address. 783 

research. 788 

standardization. 785 

Corona effect on insulation, corrosive action.565,570 

loss data, 220 kv.... 1048 

220 volt transmission. 1241 

Cost, construction, 220 kv. transmission. 1097 

insulators, porcelain, suspension. 1209 

welding, gas vs. electric... *2 

Crystal, Rochelle.salt, piezo-electric effect. * 

Current, arc, welding.... 

Curtis turbines, steam, characteristic curves._. 

speed and power, limits. i0 2/ 

wheel breakages, cause. 1531 

Dielectric field, power cable... 

losses, cable, single-conductor... 

s «„ g ,h. d, ffl™........ J 

Dielectrics, protective gaps. ■••••• .. • • • ifSf 

transient voltages, effect of..... • Ai |' 

Direction, finder, radio. .• ;... qqi 

Economics, electric service, committee report.. .. 

Education, committee report..... ... • • _ „ 

Efficiencv, telephone receiver, equation. 224 

Electric circuit, charging, quarter wave- : . 259 

constants, various frequencies. ^ 

general equations of. .* .... : •••.••••••••• .. -.cm 

line constants, current distribution, effect of...... 

finite velocity of electric field effect 

of.. 195 

high frequency, effect of size, shape 

and material. 

lightning conductors... • • 

variation of....;. 

radiation resistance, inductance and capacity.. .. 

rectangular wave, attenuation of.. 034 

steel wave fronts, flattening of..... *'* 

zone of, return conductor vs. 

ground return. ^ 

SSKSS atg,“Sn in :::: » 

Elootricnl n«twoE!trin“£t otciilntions In, theory of (See Trnnt- 

ient oscillations, etc.) 621 

Electrification, railroad, possibilities. 126 

Electrode, diameter, welding...’ . ’. 124 

material, welding. 100 

Electrodes, welding, testing. ■•.••• • . 1495 

Electromagnetic ’ receiver ' ‘(See Telephone, 

receiver, etc.) . 896 

Electrophysics, committee report.. 179 

Engineering standardization.^ ^ . 52 

Engines, aircraft. 
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Feeders, parallel operation.. ... . 800 850 

Fixation, atmospheric nitrogen, silent discharge method. ’ pcak 

Frequency, 25 cycles vs. 60 cycles, 220 kv. transmission.... 1120 

meters,, errors of. '/ . 772 

oscillation, transformer windings.’ ggg 

standard maintenance, master clock. 709 

meter vs. master clock method" 773 

Fusion, arc welding.. 774 > ”6 

welding, mild steel. . 

; Gas, welding, bending tests. .!..!....!!!!* 109 

fid(i. •* ... ,, .. . .... qo 

Gases, occluded, ionization of, high-tension insulation. 489 537 

Generator, a-c., vacuum tube.1415 

oscillation, radio telephony.* ’ * * . 314 

radio, transoceanic. ... *. ^. 1270 

Generators, turbo, G. E. Co., sizes in use... ' 1554 

mechanical stresses... 1547 

single-shaft, ampere turns, rotor vs. stator .... 1539 

capacities vs. speed. 1543 

■ < peripheral speed, limits. 1540 

rotor deflection. 154:1 

speed and output, limits. 1537 

transportation facilities. 1542 

ventilation.. 1540 

^ , . winding temperatures.. .. .. 1541 

Ground suppressor, arcing, use of... ..... at* 

Grounded neutral, transmission system.. .827-*822 

Grounding, cable, single-conductor. . q5? 

Ground wires, overhead, 220 kv. transmission. . . lOfii 

Harmonics, amplitude, determination of.1183 

order and amplitude, determination. 1179 

method. 1181 

practical exam- 

__ . determination of. . 1182 

Heat generation, stationary apparatus, formulas 1709 

Helium, commercial production.... 98 

. High-tension cable, single conductor, polyphase systems. .. .. *. . 917 

Illumination and lighting, committee report 00c 

Inductance, mutual, reactance coils parallel axes.*.. 1 £7 c 

Induction, electromagnetic, report on. . 149? 

motor, polyphase, single-phase on rotor, theory "of.". *. *. ’ 1730 

mutual, telephone circuits, effect of power circuits .... 451 

square vs. flat phantom.. 482 

square vs. flat phantom ap¬ 
plication to existing plant 484 

square Vs. flat phantom cost 483 

square vs. flat phantom 

maintenance. 484 

transpositions, cost. 443 

methods 
of cal- 
cula- 

. ,. . . tion . 445 

variation m spacing, effect 

.... 449 

various transpositions. 432 

various transpositions com- 
zero, telephone circui?s.... S ° n :° f . 

umpolar ...:::::::::::::: lilt 
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Inductive interference, telephone circuits, reduction of ......... 429 

Industrial lighting codes, present status (See Lighting codes, 
industrial, etc.) 

standardization.. g ^2 

Instruments, committee report... *.*’ . kck 570 

Insulation, effect of corona on. corrosive action.565. 5/u 

graded single-conductor cable... 

high tension, occluded gases, causes^oh .489,537 

three-conduc¬ 
tor cable.. 506 

conductor 
with rect- 
angular 
cross sec¬ 
tion. 524 

492 


496 

509 


508 

497 


curves. 

distorted 
wave effect 
effect of age¬ 
ing*. . 

maximum 
stress, con¬ 
ductor to 
sheath 
strength of 
air... • • • • 
thickness of gas spaces, 

determination of.. 503 

220,000 volt transmission.... •••■•; . Igf! 

Insulators, 220 kv. transmission, grading! 0 i — ■.; 1;;;;; 1066 

disk, electrical, characteristics, 220 kv.’transmission... 1062 

mechanical characteristics... 

high tension..• •;. 1011 

suspension, failure, accumulation as a cause... •••*■•• 

y conditions governing over insulation 1200 

effect of tension. 1907 

probability per insulator, diagram. l^Od 

testing, cost of. 120 y 

theory of probabilities.• * Jiyy 

potential gradient.. 

transmission, lightning, effect of ... . - • .....• • 07 Q 

Interference, telephone, factor, Hating values determination of. .. 273 

single frequency currents, relative effects^ ^ 

tests, reading and articulation. ^267 

Ionization currents, measurement of......... .... *07 

gases, occluded, high tension insulation.. 48J, / 

Iron and steel industry, committee report... '890 

Lighting, automobile headlights....* 730 

codes, industrial,daylight.... • ... • • 730 

distribution... 707 

emergency....... Q 7 e 7 

enforcement...v *; * ■ • * ’ 

Federal safety standards..• • • 

glare, factors involved. ‘W 

limit. 797 

history.* -. 744 

inspectors, training of. IV * 
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Lighting, codes, industrial ( continued ) 

intensity specification. 732 

necessity for. 726 

scope...... 728 

specifications. 729 

status... 725 

factory.. 888 

motion picture lamps. 889 

protective,. 888 

street, progress in. 886 

Lightning, arrester gaps (See Arrester gaps) 

effect on gaps, insulators and bushings. -1137 

Machine, a-c. armature coils, air films in insulation, effect of. 546 

Marine, committee report. 905 

Measurement, absolute, intensity of sound. 701 

Measurements, committee report. 912 

Metals, position of atoms. . 1445 

Meteorological service, U. S. 1918. 24 

Meters, frequency, errors of. 772 

Mines, use of electricity in, committee report. 908 

Motors, polyphase, theory, single-phase on rotor. 1739 

synchronous, effect on transmission lines. 1223 


starting conditions.. 1713 

timing device drive. 767 

description of. 768 

Mutual induction, zero, telephone circuits (See Induction, mu¬ 
tual, etc.) 

Neutral, grounded, transmission systems...827, 833, 865 

Nitrogen, fixation of, silent discharge method. 565 

Oil, total production, U. S. 643 

Operation, parallel, power plants (See Power plants, parallel 
operation) 

Oscillations, transient, electrical, networks, theory of. 345 

Parallel operation, feeders. 800 

power plants (See Power plants, parallel opera¬ 
tion, etc.) 

Permittivities, coil insulation, various materials, table. 550 

Permittivity, plate glass, variation with temperature. 543 

Phase modifier, synchronous performance, determination of. 1223 

splitting, stationary apparatus. 1704 

Phone, spund measurement. 709 

Phonodeik, sound measurement. 706 

Phonometer, sound measurement.,. 705 

Phonotrope, sound measurement, direction of__ V. . 710 

Piezo-electric effect, ionization currents, measurement of. 1470 

Rochelle salt crystal. 1467 

applied stresses. 1475 

axial compression. 1476 

polarity and dressing.. .. 1474 

sound transmitter. 1481 


electricity... log l aphy /;;;;;;;; 

Pilot wire system, transmission line protection. 

Polyphase motor, theory, single phase on rotor. 

-d * s y s t' ems » cable, high-tension, single conductor. 

Power factor, improvement of, effect of synchronous motors. 

* j compensation, stationary apparatus. 

industrial and domestic, committee report. 

plants, parallel operation of.'. 

cost of transmission. 

phase angle variation, maximum 
permissible.. 


1471 

1469 

816 

1739 

917 

1223 

1703 

881 

1651 

1662 

1655 
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Power, plants, parallel operation (< continued) 

""v synchronizing power formula.. . . 1655 

vector diagram. 1653 

wattless current vs. tie line power 1659 

station capacity, U. S. 642 

stations, committee report.. 871 

transmission, 220 kv. (See Transmission, 220 kv.) 

President’s Address. 783 

Protective devices, committee report. 893 

gaps. ; .. 1139 

relays, transmission line (See Relays, transmission line, 
etc.) 

Radio, aerials, coil, design of. 1381 

vs. antenna, relative effectiveness.... 1395 

antenna effect. 1392 

condenser aerial.. 1370 

electrostatic vs. magnetic fields. 1365 

induction vs. radiation, discussion of distinction. 1406 

radiation vs. reception .. ; . 1364 

reception, antenna, formula derivation. 1357 

coil, formulas, derivation. 1360 

current and voltage, principle of measurement.. 1378 

factor. 1379 

resistance, radiation. 1390 

surroundings, effect of.'.. 1394 

telephony (See Telephony, radio, etc.) 

transmission and reception, antenna and coil aerials, 

principles. 1347 

formulas, deriva¬ 
tion. 1351 

coil aerial, formulas, deriva¬ 
tion.. 1354 


vs. antenna, comparison 

formulas.. 1367 

formulas. 1373 

aerial, height of. 1377 

limitation.1370 

1 Oft Q 

transoceanic... 

generating system. ° 

modulator. 1279 

multiple antenna. 1281 

speed regulator. 1277 

high speed signaling. 1272 

radiation, directive. 1234= 

reception, directive.• * .. 

traffic capacity, future possibility. ^ 

wave lengths, closer spacing of.,. 

SSSSSS BSTteii ■amm ** „ 

sumption. ■••••*••• . 1675 

Reactance coils, ^f a ^; mutual inductance formulas'.!! ! ’. ! • 1675 

mechanical force between. jo»u 

repulsion of. "*2 

short, self-inductance. 6g „ 

long, self-inductance.. . ... ■ ■■■■■ •/••■••• 

Receiver, telephone, electromagnetic theory (See Telephone 

ceiver, etc.) . . . 1097 

Relays, 220 kv. transmission.. • v*. 859 

current directional, application of. §§g 

nomenclature.. §50 

testing and setting...:. 
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Relays (< continued ) 

transmission line, balanced protection..- 808 

inverse time-current, typical application 805 

parallel operation. 800 

pilot wire system. 816 

present practise. 797 

protection. 795 

settings, determination of. 802 

split-conductor cable. 815 

testing and setting. 801 

tripping... 804 

types definitions. 795 

under-current and over-voltage. 863 

Repeaters, telephone. 1287 

asynchronous generator type. 1305 

balancing of lines.. 1328 

booster type circuit. 1323 

Boston-Washington cable. 1342 

classification. 1298 

d-c. and a-c. generator type. 1303 

four-wire circuit. 1338 

historical... 1289 

line impedance. 1330 

cable lengths, effect of. 1335 

loading coils. 1332 

mercury vapor. 1318 

method of applying... 1340 

negative resistance type. 1320 

New York—San Francisco circuit, diagram.. 1339 

operation tandem.'. 1337 

repeater element..... 1294 

Shrieve type. 1303 

the circuit. 1322 


vacuum tube type..•.. 

21 and 22 type. 

Report, committee on use of electricity in mines. 

edonomics of electric service.. 

educational committee. 

electrochemistry and electrometallurgy committee 

electrophysics committee. 

industrial and domestic power committee. 

instruments and measurements committee. 

iron and steel industry committee. 

lighting and illumination committee. ... 

marine committee... 

protective devices committee. 

technical committees.. 

telegraphy and telephony committee... 

transmission and distribution committee. 

Research cooperation. ’ 

Resistance, radiation, electric circuit. 

Searchlights. 

U. S. Army. 

U. S. Navy..... . ; .‘ 

12 in. incandescent. 

Aldis lamp. 

arc, high power. 

low power.. 

blinker, portable tube... 

yard-arm.. 

carbons.. ... 

glass doors for. 

star shell, use of. 

ventilation of. 


1307 ' 
1324 

908 
891 
915 

895 

896 
881 
912 

909 
885 
905 
893 
871 

897 
876 
788 
248 
889 

1627 

1605 
1609 
1608 
1615 
1611 

1606 
1607 
1613 
1618 
1619 
1617 
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113 

Strio construction, welding process.* • :■ • * * ... 1708 

Single-phase, network, transforming, general theory.'* * 

g P winding, rotor, polyphase motor. 17 ^ 

Sound, intensity of, absolute measurement. 799 

measurement, coefficient of reflection. 

direction of, phonotrope. 

phone.... 706 

phonodeiks.. .. 795 

phonometer .. 12 77 

Speed regulator, generator, radio. 3^5 

Split-conductor, cables.. 07 

Spot welding, mild steel.‘ ‘ 261 

Standard, wave shape . ... - 180 

Standardization, classification. 735 

cooperation.• --; ... 179 

engineering and industrial. ^ g 0 

machinery of. ^34 

need and value. IQIQ 

Startingf^conditions, synchronous machines (See Synchronous 

SteCmbinS'kgi. shaft,_ speed and.f.wer, linn...»«. gg 

Substation, equipment, 220 kv. transmission. gg d 

Superpower transmission .... 1037 

California, 220,009 volt... ... 1161 

systems of California, Nevada and 

Arizona, map..i 'i 'i' 

Synchronizing power, parallel operation of power plants; formula.. Ib55 
Synchronous machines, starting^— ^ - fi -— w - ndings |; ]' 1728 

torque, accelerating.. 

torque, due to eddy currents. 

hysteresis. fiii 

induced currents. t/zu 

squirrel cage starting. t/iy 

pulling into synchronism. ■[ if | 

speed curves... rif* 

• varying magnetic reluctance. 7^7 

motor, timing device drive. 37 ^ 

Technical Committee Reports. 50 

Telegraph, radio, airplane sets.....■ .. 397 

Telegraphy and telephony, committee report..■ * ’ 1* V 

L elegrapny (See>Rad io, transoceanic. etc.) 

Telephone, circuits, mutual, induction, zero (See Induction, m 

tual, etc.) . . 053 

receiver, bipolar, magnetic circuit. ckq 

mechanical system. 

electric and magnetic relation, algebraic dis- ^ 

cussion. . 051 

electromagnetic theory... 557 

e. m. f.. diagram, diaphragm damped. 

e. m. f. diagram, diaphragm free • • y: •;'225 
force diagram, diaphragm damped and free. 665, 670 
impedance diagram, diaphragm damped. bbU 

681 

motional power diagram.^.* * * : * 1 * " aqa 

distribution, magnetic circuit bo4 

power diagram, diaphragm damped and free. b 

winding turns, effect of changing. 


repeaters 
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Telephones, radio, airplane sets. 49 

Telephony, automatic, applicability. 1567 

controlling circuit. 1576 

community exchange. 1586 

durability and maintenance... 1581 

equipment characteristics.1573, 1583 

line faults, effect of. 1579 

long distance. ; . 1599 

operating company’s requirements. 1571 

relays. 1574 

rural. 1583 

subscriber's'requirements. 1568 

toll switching. 1591 

between exchanges. 1592 

manual and automatic, unification of, Los Angeles 

system. 1635 

radio. 305 

aircraft. 327 


development of apparatus... 

experimental work. 

ignition interference. 

radiating systems. 

short wave type. 

wind driven generators, voltage regulation 

Arlington-Darien experiment. 

Honolulu experiment.. 

Paris experiment. 

audion, introduction of... 

battleship equipment. 

commercial development.. 

first field trials. 

first system description. 

fundamental principles. 

future of. 


Heising modulation system. 

military use. 

multiplex. 

N. Y.—Arlington—Mare Island demonstration .. 

oscillation generator. 

practical developments. 

submarine chaser, equipment.. 

vacuum tubes, receiving, characteristics. 


transmitting, characteristics. 

rr, , , Wehnelt Cathode" type... 

temperatures, rotor, turbo generators.. . 

Testing, electrodes, welding.. , , ,. 

relays. 

Time characteristic, alternating current, utilization of 
torque, synchronous machines. 

Tower, transmission line, river crossing^ Toledo system. 

towers, transmission, 220 kv. . 

Transformations, stationary apparatus, inherent limitations". 


Transformer, bushing. 

bus type 


phase splitting. 

power and energy. 1 .. 

power factor compensa¬ 
tion. 


voltages, abnormal 


abrupt impulses. 

condenser reaction of transformer 
high frequency impulses. 


330 
329 
340 
339 
338 

331 
316 

319 

320 
310 
322 

332 

313 
306 
308 
342 . 
328 
326 
324 
318 

314 
321 
341 

334 

335 

333 
1541 

100 

801 

767 

1715 

837 

1071 

1697 

1704 

1699 

1703 

854 

854 

577 

578 
581 

579 
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Transformer, voltages, abnormal ( continued) 

initial effective capacitance, steep 

wavefront. 599 

initial voltage distribution. 582 

steep 

wave 

front 595 

surge impedance...586, 609 

transient voltage distribution.... 583 

types of. 577 

voltage to ground and per turn, 

maximum. 585 

waves with long tails. 579 

windings, high-voltage, high-frequency tests. 592 

impulse tests on. 590 

oscillation, natural frequency. 588 

Transformers, 220-kv. transmission. 1090 


for. . 367 

electrical networks, general formulas. 347 

indicial admittance de¬ 
termination of. 356 

indicial admittance 
Fourier’s Integral so- 


Transmission 


lution. 

indicial admittance 
power series solution, 
indicial admittance 
Synthetic method of 

solution. 

theory of.... • 

leakageless line indicial 
admittance solution 

for. 

loaded cable, approx¬ 
imate solution. 

smooth line, voltage 
formulas, solution for 
smooth line, or con¬ 
tinuously loaded, line 
indicial admittance 

solution for.. . 

transmission line with 
terminal impedances 
synthetic solution... 

and Distribution, Committee report... 

aluminum steel conductor, characteristics.... 

220,000 volt, California .... ■ • • •* .. 

50 vs. 60 cycles. 

charging current. 

corona. 


generators. 

insulation.. 

line capacity—..* • 

mechanical construction.. 

operation. 

clamps and fittings.......... ... •; • 

conductors, electrical characteristics 
materials and types.. . 
connections, Y vs. delta.. • 


359 

357 

359 

345 

381 
384 

382 


376 


403 

876 

1037 

1054 

1237 

1240 

1242 

1241 
1244 
1241 

1243 

1244 
1244 
1069 
1047 
1045 
1044 
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Transmission, 22,000 volt, (< continued) 

construction cost. 1097 

corona. 1045 

loss data. 1048 

design features. 1042 

disconnectors, air brake.. 1095 

disk, insulators, electrical character¬ 
istics.. .... 1062 

economic span, determination of. 1083 

field for.:. 1038 

frequency.1043, 1120 

high voltage switching. ... 1088 

insulators, disk, mechanical character¬ 
istics. 1067 

grading of... 1065 

metallic shields. 1066 

types available. 1061 

oil circuit breakers. 1093 

overhead ground wires. 1061 

protective equipment. 1089 

relay system. 1097 

station and substation equipment. 10S6 

towers. 1071 

deterioration, galvanizing. 1086 

transformers.*. 1090 

connections. 1088 


three-phase vs. singlephase 1103 

balanced protection scheme.. 860 

current directional relays, application of. 859 

grounded neutral, bushing transformers. 854 

bus-type transformer. 854 

Chicago system. 865 

current practise.827,822 865 

N. Y. Edison system. ’ 827 

Toledo system. 833 

. general scheme.. .. 835 

high tension. 836 

landing tower. 837 

r United Elec. Lt. 8c Pr. Co. * 828 

line, power factor, synchronous motor effect.. . 1223 

protection, relays (See Relays, transmission 
line etc.) 

regulation, circle diagram. 1230 

balanced protection schemes.... .. 808 

parallel operation of feeders, savings effected. 850 

protective devices, Chicago system. * ’ g46 

relays, method of tripping.^ ‘ ‘ ^ * 857 

t Jesting and setting. 850 

radio, principles (See Radio, transmission, etc.) 
superpower line..V * 

systems,^ transient oscillations in, theory * of " (See >0 ~ 

Transient oscjU ations, etc.) 

mu* x un ^ er_v °kage and over-current relavs annlioa Hnn of cro 
Turbines, steam, impulse vs. reaction. application of 863 

single shaft, speed and power,’ limits.* ! ’ • ik{z 1^97 
speed and power limits, blades, material 'specifi- ’ 

cation. 1521 

double flow low-pressure 

stages. 1523 

economic.. 1524 

physical. 1518 

theoretical..I.'.'!.'.'.' 1516 
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Turbo generators, single shaft, speed and output, limits. 1537 

Underground cables, line characteristics. 964 

Unipolar induction. 1508 

Vacuum tubes, currents and voltages, phases and forms in tube 

circuit. 1420 

development... 45 

efficiency of. 1424 

functioning of, description. 472 

generator of a-c. power. 1415 

high frequency, action at. 1442 

power output.. 1416 

safe load.. 1418 

S. C. R. 67, characteristic curves.478,480 

circuit diagram. 476 

self-excited. 1439 

static characteristics, curves. 1426 

Ventilation, turbo generators, single shaft.1540,1555 

Voltage, abnormal, transformer (See Transformer voltages, etc.) 

Wave form, harmonics, determination of. 1179 

shape standard, sub-committee of Standards Committee, 

review of work. 261 

telephone interference, relation to. 266 

Welding, a-c., bare vs. covered electrodes. 79 

consideration as single-phase load. 81 

periodicity.... • .. 78 

power factor. 80 

vs. d-c. quality. 80 

speed.. • * 79 

arc, current. 125 

ductility. 82 

fusion in. 121 

overlap.... 122 

penetration.•.. ... .. 

Wirt-Jones tests. 107 

deposited metal, composition. 76 

d-c. vs. a-c. 78 

electric, arc length, effect of. j” 

automatic.•„.*;.'•; 

and semi-automatic machines...150, loo 

bare vs. covered electrodes, relative ductility .... 87 

rfann -JLrc .. • ... ♦ • y-*- 

composition of plates, effect of .* • 1^ 

contacts, current densities at. 14o 

corrosion by sea water. 1"° 

disk depression method. 

electrodes and currents. 

coating of. v ... 

preferable size. ^ 

relation to work. 1^ 

exclusion of oxygen.* * • 

fatigue tests. i q3 

layers, number of.... 14g 

one transformer.. ; . f 

operators, protection of.. | 

training of. 

polarity.. ... 13 7 

potential required... 

preparation of edges... q3 

rigid vs. non-rigid. . 44 

ship plates, contraction stresses. 

specifications. g 7 

speed.- .. 
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Welding, electric, speed (< continued) 

obtained. 

spot, strength of. 

subsequent heat treatment. 

suitable current. 

tests, standardization of. 

thickness of plates.’ 

thin material. 

uniform arc length, maintenance 

voltage effect. 

electrodes, diameter. 

material.* .. 

testing, standard procedure. 

fusion, currents employed. 

mild steel.. 

gas, bending tests. .' 

vs. electric, comparative costs. ’’’’’’ 

respective fields. 

mild steel. 

operators, training of. 

overhead, quality of.. 

polarity. 

resistance.* ’ * * ‘ *. 

ship construction. ’’’’’’’ . 

cost of. 

lap vs. butt. ’’*’*'* 

time saving. 

spot, duplex type. 

mild steel.i .. 

vs. arc.* ’.' ' ' ' 

tests, technique of. .**'** . 

wire, bare and covered... ■. 

Wirt-Jones tests arc welded ship plates. 


132, 133 
135 
. 170 


. 141 

. 134 

. 157 

of.... 149 

. 90 

. 126 

. 124 

. 100 

. 70 

65 

. 109 

. 85 

. 83 

. 63 

. 96 

. 93 

. 77 

. 145 

..... 113 

. 115 

. . . .116, 128 

. 115 

. 68 

. 67 - 

. 94 

. 97 

. . . .. 72 

. 107 



































